Epigenetic and Cytotoxic Effects of Histone Deacetylase Inhibitors in Combination with Cytostatics on Neuroblasma by Abdel Rahman, Mohamed Ashraf Khalil
           
Charles University 
Second Faculty of Medicine 
 










MUDr. Mohamed Ashraf Khalil Abdel-Rahman 
 
 
Epigenetic and Cytotoxic Effects of Histone Deacetylase Inhibitors in 
Combination with Cytostatics on Neuroblastoma  
 
 
Epigenetické a cytotoxické účinky inhibitorů histondeacetyláz v 


























I hereby declare that I have prepared the Ph.D. thesis personally and that I have 
properly stated and cited all utilized sources and literature. I further declare that 
this thesis was not used for the purposes of gaining the same or another degree.  
I agree with the permanent deposition of the electronic version of my work in the 
database of the inter-university system project Theses.cz for the purposes of 
systematic control of Ph.D. theses.  
In Prague, 15.2.2018 









I would like to express my appreciation and gratitude to all those who have helped me 
along the path towards the completion of this thesis. A very special gratitude goes to: 
     My supervisor, Prof. MUDr. Tomáš Eckschlager, for his continuous support and 
guidance throughout my postgraduate study as well his valuable suggestions during 
revising my Ph.D. thesis. 
     My consultant and mentor, MVDr. Jan Hraběta, PhD, for his tolerance, continuous 
scientific discussion and great concern. 
     My genius colleague, Mgr. Pavel Procházka, PhD., for performing “Methylation-
sensitive high resolution melting analysis” which enriched the topic and provided 
essential data to explain our results in details. 
     My dear colleagues and lovely friends, Mgr. Tomáš Groh. Ph.D, Ing. Helena 
Doktorová and MUDr. Olga Zimmermannová for their priceless encouragement and 
sharing of scientific discussions. 
     Pavel Semerák and Daniel Thurner in the laboratory of Childhood Leukaemia 
Investigation Prague “CLIP”, for their assistance concerning cytometric settings beside 
their joyful and friendly atmosphere. 
     The government of the Czech republic represented by the Ministry of Education, 
Youth and Sports for rewarding the scholarship that opened the path to gain experience 
about Czech culture and to accomplish my postgraduate study in Charles University in 
Prague. 
At last and not the least, I deeply appreciate my sweet mom, my gorgeous sisters; 
Dr. Salma Ashraf and PharmD. Maha Ashraf, for their warm affection and 
continuous encouragement. I am fully indebted to my father; my role model in 





Identification record:  
ABDEL-RAHMAN, Mohamed Ashraf Khalil. Epigenetic and Cytotoxic Effects 
of Histone Deacetylase Inhibitors in Combination with Cytostatics on 
Neuroblastoma. Prague, 2018. 115 pages. Ph.D. thesis. Charles University in 
Prague, Second Faculty of Medicine, Department of Pediatric Hematology and 
Oncology. Thesis supervisor: Prof. Eckschlager, Tomáš  
 
Keywords: histone deacetylase inhibitors (HDACi), valproic acid (VPA), 






The enhanced expression of histone deacetylases (HDACs) in a variety of malignancies 
drew attention to investigate a new category of anti-cancer drugs that are based on the 
inhibition of those enzymes. Valproic acid (VPA) is a well-known antiepileptic drug 
that exhibits antitumor activities through inhibition of HDACs class I and IIa. Cancer 
stem cells (CSCs) have been recognized to drive the tumor growth and progression 
hence; attention has been given to target this small subpopulation of CSCs rather than 
the whole bulk tumor cells. CD133 is considered to be a CSC marker in several tumors 
and its transcription is strongly influenced by epigenetic changes that will be altered 
upon administration of histone deacetylase inhibitors (HDACi) in cancer treatment. 
Therefore, we evaluated the epigenetic and cytotoxic effects of treatment with 1 mM 
VPA in combination with other chemotherapeutics and its influence on the expression 
of CD133 in human neuroblastoma (NB) cell lines. 
     Our results revealed that addition of VPA to DNA-damaging chemotherapeutics 
induced a synergistic anti-tumor effect that was associated with caspase-3 dependent 
induction of apoptosis in UKF-NB-4 cells. This synergism was related to the increase 
of the acetylation status of histones H3 and H4 and was only produced either by 
simultaneous treatment with both drugs or when the cells were pretreated with DNA-
damaging chemotherapeutics before their exposure to VPA. On the other hand, our 
results showed that VPA induced CD133 expression that was dependent on increased 
acetylation of histones H3 and H4. On treatment with VPA and cytostatics, CD133+ 
cells were mainly detected in the proliferative phases of the cell cycle and they showed 
less activated caspase-3 compared to CD133− cells. UKF-NB-3 cells which express 
CD133 displayed higher colony and neurosphere formation capacities when treated 
with VPA, unlike IMR-32 cells which lack the CD133 protein. Induction of CD133 in 
UKF-NB-3 was associated with increased expression of phosphorylated Akt and 
pluripotency transcription factors (Oct4, Sox2 and Nanog). VPA did not induce CD133 
expression in cell lines with methylated P1 and and P3 promoters, unless they were 
pretreated with demethylating agent 5-aza-2’-deoxycytidine. In conclusion, VPA 
potentiates the cytotoxicity of DNA-damaging chemotherapeutics in NB that is 
conditioned by the sequence of drugs administrated. CD133 expression in NB can be 
regulated by histone acetylation and/or methylation of its CpG promoters hence 
influenced by VPA therapy. VPA can induce CD133+ cells which display high 
proliferation potential and low sensitivity to cytostatics in NB. Even though these 
results confirm the potentiating cytotoxic effect of VPA in cancer therapy; they give 
new insight into a possible limitation to use VPA in some types of cancer which require 





Zvýšená exprese histondeacetyláz (HDAC) u řady nádorů obrátila pozornost k 
možnosti využít jejich inhibici k protinádorové léčbě. Kyselina valproová (VPA) je 
nejen užívané antiepileptikum, ale vykazuje i protinádorové účinky podmíněné inhibicí 
HDAC třídy I a IIa. Předpokládá se, že nádorové kmenové buňky (CSC) jsou 
odpovědné za růst a progresi nádorů a proto je snaha zacílit léčbu na malou 
subpopulaci CSC spíše než na celý nádor. CD133 byl rozpoznán jako marker CSC u 
řady nádorů. Jeho exprese je významně ovlivněna epigenetickými změnami, mezi něž 
patří podání inhibitorů HDAC užívaných v léčbě nádorů. Proto jsme se zabývali 
epigenetickými a cytotoxickými účinky VPA v kombinaci s některými 
chemoterapeutiky a jejím vlivem na expresi antigenu CD133 u lidských 
neuroblastomových (NB) buněčných linií. 
     Naše výsledky ukázaly, že kombinace VPA s DNA poškozujícími cytostatiky má u 
buněk UKF-NB-4 synergistický účinek podmíněný indukcí apoptózy závislé na 
aktivaci caspázy-3. Tento synergizmus byl ve vztahu ke zvýšení acetylace histonů H3 a 
H4 a byl přítomen pouze při současné inkubaci s oběmi látkami nebo při inkubaci s 
DNA poškozujícím cytostatikem následované inkubací s VPA. Výsledky další studie 
ukazují, že VPA indukuje expresi CD133, která je závislá na zvýšení acetylace histonů 
H3 a H4. Při inkubaci s VPA a cytostatikem bylo více CD133+ buněk v proliferační 
fázi a tyto buňky vykazovaly nižší aktivaci caspázy-3 než buňky CD133-. UKF-NB-3 
buňky exprimující CD133 vykazovaly vyšší tvorbu kolonií a neurosfér po ovlivnění 
VPA na rozdíl od buněk IMR-32, které CD133 neexprimovaly. Indukce CD133 u UKF-
NB-3 byla provázena fosforylací Akt a expresí transkripčních faktorů typických pro 
kmenové buňky (Oct4, Sox2 a Nanog). VPA neindukoval expresi CD133 u buněčných 
linií s metylovanými promotory CD133 P1 a P3, pokud nebyly preinkubovány s 
demetylačním činidlem 5-aza-2’-deoxycytidinem.  
     Lze tedy shrnout, že VPA potencuje cytotoxické účinky DNA poškozujících 
cytostatik u NB, tato potenciace závisí na sekvenci těchto léků. Exprese CD133 u NB 
je regulována acetylací histonů a/nebo metylací jeho CpG promotorů, tedy může být 
ovlivněna terapií VPA. VPA u NB může indukovat CD133+ buňky, které mají velký 
proliferační potenciál a mají nízkou citlivost k cytostatikům. Přestože naše výsledky 
potvrzují potenciaci cytotoxického účinku některých cytostatik VPA, ukazují i nový 
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Cancer refers to abnormal cell growth that tends to invade or spread to 
surrounding tissues or distant parts of the body. Treatment of cancers still belongs 
among the most serious challenges in modern medicine despite improvements in 
survival that have been achieved for cancer patients in last decades. The constant 
development of diagnostic and therapeutic methods led to improvement of survival 
rate; however many cancers remain difficult to cure.  
     Tumor represents a complex tissue composed of multiple distinct cell types that 
react with the surrounding environment and with one another. Cancer cells display 
hallmarks capabilities that enable them to survive and maintain their growth within 
the body. Those hallmarks include continuous proliferative signaling, evasion of 
programmed cell death, escaping growth suppressors, unlimited number of cell 
divisions, promoting the angiogenesis and the capacity of invasion. Recently, two 
more emerging characters have been added to those hallmarks including 
reprogramming of energy metabolism and evading immune destruction (Hanahan 
and Weinberg, 2011).  
     Children cancers are different from adult ones and merely constitutes less than 
one percent of all cancers but even though the tumors are the second leading 
cause of death in children. 





Neuroblastoma (NB) is the most commonly diagnosed tumor in infants, the most 
common extracranial solid tumor of childhood and ranked as 3rd most common 
malignancy in children (Howlader et al., 2016; London et al., 2005; Ward et al., 
2014). NB is an embryonic tumor of the autonomic nervous system that arises 
from neural crest cells (NC). During embryogenesis, cells that arise from the NC 
are characterized by a remarkable capacity for motility, invasiveness, proliferation, 
and pluripotency that help them to reach their final destination and to develop 
multiple cell types (Maguire et al., 2015). The migrating NC cells give rise to the 
paravertebral sympathetic ganglia in the trunk, the catecholamine secreting 
chromaffin cells of the adrenal medulla and the paraganglia and this explains the 
most common sites for the growing NB (Huber, 2006). Therefore, NB most 
probably originates from a precursor cell that committed to the sympatho-adrenal 
lineage, but not yet specified as a neuronal or chromaffin cell (Maguire et al., 
2015). Development of NB from NC cells is briefly summarized in figure 1. 
     Both NC cells and metastatic tumor cells must shed their epithelial phenotype 
and acquire migratory characteristics in a process called epithelial mesenchymal 
transition (EMT) but the processes are not identical. While NC cells undergo a 
controlled developmental pathway leading to organogenesis, tumor from NC cells 
demonstrate dysregulated growth and proliferation resulting in tumorigenesis at 
the metastatic sites (Maguire et al., 2015). Unlike NB tumors, progressive limitation 
of pluripotency occurs for the developed NC cells that end to differentiate into 
appropriate cell types, including Schwann cells, chromaffin cells and melanocytes 
(Huber, 2006). On contrary, NB cells can retain multipotency and highly express 
stem cell related genes such as Oct4 (Pezzolo et al., 2011). Even though 
neuroblasts and stromal cells represent divergent populations in human NB 
tumors, they were shown to have same genetic abnormalities which suggest that 
they derived from single origin (Mora et al., 2001). Thus, the role of cancer stem 
cells (CSCs) in NB growth and progression is being widely accepted (Kamijo, 
2012). 






Figure 1: Development of neuroblastoma from NC cells. Migration of neuroblast 
progenitors from the neural crest occurs under the influence of transcriptional factors 
including MYCN and bone morphogenetic proteins (BMPs). MYCN mutations and /or 
alterations in anaplastic lymphoma kinase (ALK) and paired-like homeobox 2 (PHOX2B) 
are inherited human susceptibility genes represent a first hit in tumor development. 
Migrated cells transform into primary sympathetic ganglia (psg) and then divert into neural 
cells of the mature sympathetic ganglia (sg) or chromaffin cells of the adrenal medulla in a 
process that requires nerve growth factor (NGF) for maturation otherwise it undergoes 
apoptotic cell death. Amplification of MYCN reduces the differentiation of susceptible 
malignant cells and renders it resistant to apoptosis after NGF withdrawal that resulted in 
postnatal survival of neuroblast rest disease. MASH1, murine achaete-scute homolog 1; 
HAND2, heart and neural crest derivatives expressed-2; NF-M, neurofilament medium 
polypeptide. Adapted from (Marshall et al., 2014) 
 
A positive family history of NB is only seen in about 2% of patients (familial 
neuroblastoma) in which several germ line mutations can be found such as 
mutation in anaplastic lymphoma kinase gene (ALK) (Mossé et al., 2008). ALK is a 
tyrosine kinase receptor that plays an oncogenic role when mutated in anaplastic 
large-cell lymphoma as well as in NB. Paired-like homeobox-2 (PHOX2B) is 




another frequently mutated gene that usually presented by NB in association with 
congenital central hypoventilation syndrome or Hirschsprung disease reinforcing 
the connection between NB and defective NC development (Raabe et al., 2008). 
1.1.1 Histological types 
In fact, the origin of the NB explains why the cellular heterogeneity is a hallmark of 
these tumors and its cell lines (Walton et al., 2004). Within a single tumor, different 
cellular phenotypes and maturation stages can be present, particularly 
neuroblasts, non-neuronal cells (Schwann, perineurial, or satellite) and even 
melanocytes (Huber, 2006). The volume of Schwannian stroma and maturation of 
neuroblastic cells in NB tumors are important factors for the prediction of 
prognosis. Morphologic features of NB can vary from variable aggressive tumor of 
neuroblasts such as NB (Schwannian stroma-poor) to well differentiated benign 
tumors of mature ganglia as in ganglioneuroma (Schwannian stroma-dominant) 
(Du et al., 2008). 
     According to the cell lines derived from NB, three distinct cellular phenotypic 
variants can be identified. The first is neuroblast-like cells “N-type” in which cells 
are rounded with short neuritic processes. This type grows as weakly substrate 
adherent aggregates and usually shows high plating efficiencies in soft agar. The 
second is epithelial-like cells “S-type” in which cells are larger, flattened and 
lacking for neuritic processes. This type adheres strongly to the cultural substrate 
and usually shows contact inhibition of cell growth. UKF-NB-3 and UKF-NB-4 cell 
lines which we examined during our studies are shown in figure 2 as examples of 
human NB cells N-type and S-type respectively. The third cell type is termed I-type 
because its morphology is intermediate to those of N and S-types. This cell type 
appears to represent more primitive cells that are capable to turn into both N and 
S-type cells. It also has been reported to have the highest malignant potential of 
the three NB cell variants (Walton et al., 2004). 
     Diagnosis of NB should be fully assessed to evaluate the tumor according to 
the universally used staging system “international neuroblastoma staging system” 
(INSS) (Brodeur et al., 1993) and then appropriate therapy can be introduced. 




Typical pathological diagnosis is established by biopsy from tumor tissue or 
without a primary tumor biopsy if the patient has neuroblast in bone marrow with 
elevated VMA and HVA in urine. 
 
Figure 2: Difference in morphology between S and N-type human NB cells in culture 
 
1.1.2 Prognostic factors 
A number of factors have shown to be good predictors for the response and 
success of treatment together with the staging system. Good prognostic criteria 
include young age (under 12-18 months), tumor with a favorable histology (low 
mitotic index, dominant Schwannian stroma, few pleomorphism, differentiated), 
hyperdiploidy of DNA (high DNA index) of NB cells in infants and high expression 
of nerve growth factor receptor TrkA (Brodeur et al., 2009; Evans et al., 1987; 
Pinto et al., 2015). Prognostic indicators that are clinically relevant to poor 
prognosis include chromosomal abnormalities (1p or 11q deletions and 2p24 or 
17q gain) (Mueller and Matthay, 2009), poor stromal component, high serum 
ferritin, neuron-specific enolase and lactate dehydrogenase all impacting the 
outcome (Evans et al., 1987). 




     MYCN amplification, an oncogene encodes a Myc family transcription factor, is 
the most significant factor that is associated with a worse prognosis in NB 
independent on age or stage. MYCN gene is expressed in the post-migratory 
neural crest, but subsequently downregulated in differentiating sympathetic 
neurons (Marshall et al., 2014). Tumor cells that amplify MYCN fail to express 
TrkA receptors, which normally allow the binding of nerve growth factor that 
promotes differentiation, maturation and tumor regression (Hansford et al., 2004). 
This may explain why NB with amplified MYCN is less likely to mature.  
1.1.3 Current treatment 
Treatment of NB depends on the prognostic group and stage of the tumor. In most 
of cases, the low-risk form has very good prognosis and high curative rate to 
extent that stage 4s may regress or mature spontaneously without medical 
intervention. Basically, surgery is the standard management for stage 1 and 2 
while chemotherapy and supportive care is only needed for stage 4s. 
Chemotherapy such as cyclophosphamide can be introduced in massive liver 
involvement or in spinal cord compression. 
     On contrary, prognosis of high-risk NB tumors is still poor because drug 
resistance arises in the majority of patients and can be rapidly fatal. To date, there 
are no salvage treatment regimens known to be curative and 50 to 60% of patients 
with high-risk NB develop a relapse. Treatment of high-risk NB is intensive, starts 
by very intensive induction chemotherapy, consolidation of remission and finally a 
maintenance phase to eradicate the minimal residual disease. High doses of 
chemotherapy that usually lead to toxic effect and different combination must be 
used. Moreover, surgery for persistent primary tumor and radiation therapy are 
also frequently used (Maris, 2010). 
     Newly therapeutic options have been introduced for management of high risk 
NB such as drugs targeting ALK pathway, retinoids, megachemotherapy with 
subsequent autologous hematopoietic stem cell transplantation and finally the 
monoclonal antibody that targets GD2 on NB cells (expression of GD2 is highly 
restricted on normal tissues) which is recently used routinely for children with high-




risk NB (Fish and Grupp, 2008; Forlenza et al., 2016; Reynolds et al., 2003; Wang 
et al., 2016). Because the majority of NBs express norepinephrine transporter, the 
radiolabeling of the norepinephrine analogue (131I-labeled MIBG) has been used as 
an investigating tool for their detection. Trials to deliver high levels of radiation 
through this molecule have shown the highest objective response rate of any drug 
studied in patients with relapse (Matthay et al., 2007). 
2.1 Cancer stem cells 
Tumor progression has been generally explained by two theories. The stochastic 
model suggests that cells forming the tumor have the same tumorigenic capacity 
and can go throw unlimited proliferation cycles. According to this model, the only 
way to cure the cancer is to eliminate all the cancer cells (Holohan et al., 2013). 
The second model assumes that tumor is not a homogenous population but 
contains subpopulation of tumor initiating cells so called cancer stem cells (CSCs). 
Those CSCs rather than the majority of tumor cells are responsible for driving the 
tumor growth and progression. This model presumes that CSCs are the main 
cause for recurrence and metastasis due to their unique characters such as 
resistance to chemo- and radio-therapy. Thereby targeting CSC can facilitate the 
mission of chemotherapy to eliminate the tumor as well as decrease the possibility 
for recurrence (Reya et al., 2001). 
     The CSCs model gained wide acceptance over the last years, based on 
continuous observations. In general, the classical chemotherapy and radiotherapy 
are effective in induction of apoptosis and usually exhibit successful initial effect 
presented by tumor shrinkage or even clearance of the tumorigenic focal lesions in 
many cancer types (as detected by imaging methods). Nowadays, combined 
chemotherapies have shown further improvement in controlling the tumor growth 
compared to classical chemotherapy or radiotherapy alone. However, the main 
problem still persists that in later rounds of therapy, the cancer often tends to 
develop resistance to previous therapies and/or can relapse and metastasize (Lu 
et al., 2011). CSC model simply explains this problem that the effect of the 




chemotherapy is incomplete because it could not target the small subpopulation of 
CSCs with their unique resistant mechanisms which result in their production of 
more aggressive clones (Han et al., 2013). For this reason, many thoughts come 
into belief that complete resection of the tumor with clean margins and not 
chemotherapy is the only curative treatment for the majority of localized tumors 
(Marshall et al., 2014). Figure 3 illustrates the effective cancer therapy in the 
viewpoint of cancer stem cell theory model. 
 
 
Figure 3: Conventional chemotherapy therapy versus stem cell targeted therapy. 
 
CSCs and normal stem cells share many similarities but the hallmark features of 
CSCs are self- renewal capacity, the generation of the heterogeneous lineages of 
cancer cells that comprise the tumor and potent tumorigenicity when injected into 
immunocompromised mice (Han et al., 2013). CSCs can divide into two identical 
daughter CSCs (symmetrical self-renewing capacity) or into one daughter CSC 
and one differentiated progenitor cell (asymmetrical self-renewing cell division) and 
thus can keep their own clone and expand the tumor on the same time (Clarke et 
al., 2006).  
     Identification of CSCs is not a straight forward process because the surface 
markers of CSCs in one tissue are not necessary shared with the markers of 
CSCs in other tissues; thereby detection of CSCs based on surface markers 




should be associated with other functional assays. Generally, CSCs can be 
identified by the presence of a single or combination of specific markers such as 
(CD34+/CD38-) in leukemia, (CD133+, EpCAMhigh/CD44+, ALDH1+) in colorectal 
carcinoma and CD133+ in some brain tumors and NB (Kamijo, 2012). Additionally, 
several assays were shown to be helpful to identify CSCs such as sphere forming 
assays, Hoechst dye exclusion (side population), detection of enzymatic activity 
(e.g., ALDH1), transcription factors expression (e.g., Oct4 and Sox2), serial colony 
forming assays (replating assays) and migration assays (Han et al., 2013). 
     Targeting CSCs should be focused on the molecules and characters contribute 
to their therapeutic resistance. For instance, targeting the CSCs´ molecular 
signaling pathways (e.g. Hedgehog, Notch, Wnt/b-catenin, Bcl2), targeting CSCs´ 
markers (e.g. anti CD133 antibody drug conjugates), targeting drug detoxifying 
enzymes (e.g. blocking ALDH activity), targeting drug efflux pumps (e.g. inhibition 
of ABC drug transporters), targeting CSC niche and cells in the quiescent state 
(e.g. combination of interferon-α, granulocyte colony stimulating factor and arsenic 
trioxide with chemotherapeutic agents) and induction of CSC differentiation (e.g. 
retinoic acid and HDACi). Combined chemotherapy with previously mentioned 
agents can be of great value to eradicate the cancer but more selective agents 
should be designed to target only CSCs rather than healthy cells (Dragu et al.,, 
2015). Different treatment strategies that target CSCs are listed in figure 4. 
 
Figure 4: Therapies targeting cancer stem cells. Adapted from (Dragu et al., 2015) 





Prominin-1, also known as CD133, is a pentaspan transmembrane glycoprotein 
that is expressed on neural precursor cells of postnatal cerebellum (Lee et al., 
2005) and several brain tumor cells (Singh et al., 2004). CD133+ cells display 
CSCs features such as self-renewal capacity (Lathia et al., 2011), high 
clonogenicity (Yin et al., 2007), high proliferation potential in vitro (Tirino et al., 
2008) and formation of neurospheres in serum free medium (Brescia et al., 2013). 
Several groups have also shown that sorted CD133+ cells displayed greater 
tumorigenicity and resistance to chemotherapeutic agents compared to CD133− 
cells (Koyama-Nasu et al., 2013; O’Brien et al., 2007; Todaro et al., 2007; 
Vangipuram et al., 2010; Wu et al., 2013). In addition, high expression of CD133 
has been linked to a poor prognosis in several tumors including NB (Horst et al., 
2009; Liu et al., 2006; Sartelet et al., 2012; Shin et al., 2013; Tong et al., 2008). 
Furthermore, Wei et al., have recently clarified the functional association of CD133 
molecule in the activation of PI3K/Akt pathway that promotes the tumorigenic 
capacity in glioma stem cells (Wei et al., 2013). PI3K/Akt pathway is considered to 
be one of the most potent pro-survival signaling pathways that is activated in many 
types of cancer and associated with poor outcome in NB (Opel et al., 2007). 
Activation of Akt pathway through membranous CD133 is illustrated in figure 5. 
     It has been reported that CD133 transcription is controlled by epigenetic 
modifications such as histone acetylation and promoter methylation (Baba et al., 
2009; Irollo and Pirozzi, 2013; Yi et al., 2008). Thus, it is supposed that this 
correlation between CD133 expression and acetylation status of histones enables 
the HDAC inhibitors to act as potent regulators of CD133 transcription. In addition, 
CD133 promoters P1, P2 and P3 have high CpG content therefore they may 
undergo DNA methylation with consequent repression of gene transcription 
(Shmelkov et al., 2005). DNA methyltransferases (DNMTs) methylate the DNA in 
areas rich in CpG dinucleotides that are often found in clusters within gene 
promoters. Methylation of CpG clusters in gene promoters is associated with 
transcriptional silencing (Bird, 2002). Treatment with cytidine analog 5-azacytidine 




depletes DNMTs from the cell and reduces DNA methylation by forming 
irreversible adducts with DNMTs during cell division (Jones and Taylor, 1980) 
 
Figure 5: CD133/PI3k/Akt signaling axis. CD133 is an upstream activator of PI3K; 
phosphorylated Y828 residue in CD133 cytoplasmic tail binds to PI3K regulatory subunit 
p85, resulting in the activation of PI3K/Akt pathway. Adapted from (Wei et al., 2013)  
 
1.3 Histone deacetylase inhibitors 
The term “Epigenetics” refers to changes in the genome that affect gene 
expression but do not involve a change in the nucleotide sequence. The epigenetic 
alterations are stable and heritable but differ from genetic mutations that they are 
generally reversible (Ceccacci and Minucci, 2016). Epigenetic changes such as 
DNA methylation and posttranslational modifications of histones including 
acetylation, methylation and phosphorylation can greatly alter the transcription 
regulation of the gene expression either by activation or repression. Thus, it is not 
surprising that epigenetic changes are associated with cancer development (Li and 
Seto, 2016). 
     Nuclear DNA is found in association with histones and non-histone proteins. 
The basic packaging unit of chromatin is the nucleosome which is formed of two 




copies of each histone H2A, H2B, H3 and H4 forming octamer. Histones are rich in 
lysine and arginine which confer positive charges to bind with the negatively 
charged DNA. Acetylation of histone tail lessens their overall positive charges that 
disrupt the interaction with the negatively charged DNA, leading to decompression 
of chromatin structure (Dokmanovic et al., 2007). Histone acetylation is tightly 
controlled by a balance between the opposing action of histone acetyl transferases 
(HATs) and histone deacetylases (HDACs). HATs add acetyl groups to the histone 
tails in the nucleosomal structure which turn chromatin less compact and relaxed, 
allowing access for transcription factors with consequent activation of many 
genomic regions. HDACs work on opposite direction; turn the chromatin dense, 




Figure 6: mechanisms of cytotoxicity mediated by HDACi in cancer cells. Adapted and 
modified from (Schrump, 2009) 
 




     In fact, enhanced expression of HDACs is linked to a variety of hematological 
and solid malignancies as well as their poor outcome. For example, 
overexpression of HDAC8 and HDAC10 was associated with advanced stage 
disease and poor survival in NB (Oehme et al., 2013; Rettig et al., 2015). 
Knockdown of those HDACs in NB cancer cells resulted in cell cycle inhibition, 
induction of apoptosis and differentiation with significant increase of sensitization 
to cytotoxic drug treatment; hence the rational for targeting HDACs in cancer 
therapy. High expression of different HDACs was also reported in a wide range of 
malignancies such as HDACs 2,5 and 9 in medulloblastoma (Ecker et al., 2015; 
Milde et al., 2010), HDAC2 in lung cancer (Jung et al., 2012), HDAC4 in gastric 
cancer (Colarossi et al., 2014) and HDAC11 in rhabdomyosarcoma (Bolden et al., 
2006). In breast (Müller et al., 2013), colorectal (Weichert et al., 2008a) and 
prostate cancers (Weichert et al., 2008b); HDACs 1,2 and 3 were over expressed. 
Moreover, HDACs also deacetylate a large number of non-histone substrates. For 
example, acetylation of the oncosuppressor p53 is regulated by HDAC1 and 
HDAC2 and their over-expression can inhibit its function (Insinga et al., 2004). 
HDAC inhibitors (HDACi) are promising anticancer drugs because they can 
reestablish the cellular acetylation homeostasis which is often disturbed in cancer, 
and thus may enhance the recovery of the repressed tumor-suppressive pathways 
including cell cycle regulators and DNA repair pathways (Ceccacci and Minucci, 
2016). Dynamic formation of chromatin does not only lead to transcriptional 
activation of different genes but also makes DNA more accessible for DNA-
targeted chemotherapeutics (Groh et al., 2015). In contrast to normal cells, HDACs 
seem to be essential in tumor cells for survival and maintenance of a set of 
pathways that support their uncontrolled growth which provide additional 
therapeutic potential of HDACi (Dawson and Kouzarides, 2012). 
     HDACs are classified according to their homology to yeast enzymes into four 
classes: Class I is comprised of (HDAC 1, 2, 3, and 8), Class IIa (HDAC 4, 5, 7, 
and 9), class IIb (HDAC 6 and 10). Class III (NAD-dependent protein 
deacetylases, consist of seven sirtuins) and Class IV contains only HDAC11. The 
broad spectrum HDACi inhibitors target only the zinc-dependent deacetylases 




(classes I, II, IV) by interfering with HDACs Zn+ binding site; thereby inhibiting their 
enzymatic activity (Li and Seto, 2016). HDACi are classified according to their 
chemical structure into 4 main groups; hydroxamic acid [ex. vorinostat (SAHA), 
belinostat, panobinostat and trichostatin A (TSA)], cyclic tetrapeptide [ex. 
romidepsin], benzamide derivatives [ex. entinostat (MS-275)], short chain fatty 
acids [ex. valproic acid (VPA) and butyrate]. A number of HDACi including VPA 
are currently under evaluation in clinical trials while vorinostat, romidepsin, 
belinostat and panobinostat have already been registered for treatment of some 
types of T-cell lymphomas and multiple myeloma (Lee et al., 2015; Mottamal et al., 
2015). Overview of HDAC inhibitors are shown in table 1. 
     Despite of the fabulous effects of the HDACi in the preclinical studies that 
showed potent anticancer effects presented by induction of apoptosis, 
differentiation, cell cycle arrest, inhibition of angiogenesis, deactivate DNA 
repairing in cancer cells and reduction of the metastatic potential; however, their 
clinical outcomes in solid tumors are disappointing when used as monotherapy (Li 
and Seto, 2016). It is not entirely clear this diversity in the response to HDACi but 
the lack of selectivity and the poor pharmacokinetic properties along with the side 
effects and toxicity limit the use of HDACi in patients (Li and Seto, 2016). 
Although, the broad spectrum inhibitors of HDACs may reactivate some tumor 
suppressors, they can also affect numerous other genes, for instance; induction of 
pluripotency in the cancer cells (Kong et al., 2012).  
     HDACi are continuously explored for being used in combination with other 
antitumor agents to optimize their efficacy and toxicity. Combining HDACi with 
primary chemotherapeutic agents that induce DNA damage has shown very 
promising results in preclinical research studies (Groh et al., 2015). HDAC 
inhibition might resensitize tumor cells to the primary agents and overcome 
therapy resistance. Therefore, combinations chemotherapy and/or radiotherapy 
with HDAC inhibitors have been used in clinical trials (Ma et al., 2009). 
 




Table 1: Overview of selected histone deacetylase inhibitors. Adapted from (Ceccacci 
and Minucci, 2016). 
 






Trichostatin A pan preclinical 
SAHA pan approved for cutaneous T-cell lymphoma 
Belinostat pan approved for peripheral T-cell lymphoma 
Panabiostat pan approved for multiple myeloma 
Givinostat pan 
phase II clinical trials—relapsed leukemia and multiple 
myeloma 
Resminostat pan phase I and II clinical trials—hepatocellular carcinoma 
Abexinostat pan phase II clinical trial—B-cell lymphoma 
Quisinostat pan phase I clinical trial—multiple myeloma 
Rocilinostat II phase I clinical trial—multiple myeloma 
Practinostat I, II and IV phase II clinical trial—prostate cancer 
CHR-3996 I 
phase I clinical trial—advanced/metastatic solid tumors 
refractory to standard therapy 
short chain 
fatty acids 
Valproic acid I, IIa 
approved for epilepsia, bipolar disorders and migraine, 
phase II clinical trials—several studies 
Butyric acid I, II phase II clinical trials—several studies 
Phenylbutyric acid I, II phase I clinical trials—several studies 
benzamides 
Entinostat I 
phase II clinical trials—breast cancer, Hodgkin´s 
lymphoma, non-small cell lung cancer, phase III clinical 
trial—hormone receptor positive breast cancer 
Tacedinaline I 
phase III clinical trial—non-small cell lung cancer and 
pancreatic cancer 
4SC202 I phase I clinical trial—advanced hematological malignancies 
Mocetinostat I, IV phase II clinical trials—Hodgkin´s lymphoma 
cyclic 
tetrapeptides 
Romidepsin I approved for cutaneous T-cell lymphoma 
sirtuins 
inhibitors 
Nicotinamide all class III phase III clinical trial—laryngeal cancer 
Sirtinol SIRT 1 and 2 preclinical 
Cambinol SIRT 1 and 2 preclinical 
EX-527 SIRT 1 and 2 
cancer preclinical, phase I and II clinical trials—Huntington 
disease, glaucoma 
 
The role of HDACs in DNA-damage repair responses has been shown by 
numerous studies which explained by the critical role of HDACs in the remodeling 
of chromatin and maintaining dynamic acetylation equilibrium of DNA-damage-
related proteins (Li and Zhu, 2014). For instance, HDAC1 and HDAC2 are 
recruited to DNA-damage sites to deacetylate histones H3K56 and H4K16, and 




facilitate nonhomologous end-joining (NHEJ) suggesting their direct role during 
DNA replication and double-strand break repair. HDAC3 is also associated with 
DNA-damage control, although it is not localized to double-strand break DNA-
damage sites (Miller et al., 2010). Moreover, class I HDACs regulates other 
proteins involved in the DNA-damage response, including ATR, ATM and BRCA1 
(Thurn et al., 2013). p53 is a tumor suppressor gene that can activate DNA repair 
proteins to induce cell cycle arrest or transactivate genes involved in the apoptotic 
machinery. It has been shown to be regulated by HDACs and thus greatly 
influenced by HDACi. HDAC1–3 directly interact with p53 protein and reduce its 
activity (Juan et al., 2000). HDAC2 decreases the presence of p53 at the promoter 
of its target, c-Myc, in breast cancer cells (Harms and Chen, 2007). HDAC4 
colocalizes with tumor suppressor p53-binding protein-1 (53BP1) after double 
strand DNA (dsDNA) break and its depletion reduces 53BP1 expression and 
abrogates the DNA-damage-induced G2 checkpoint (Kao et al., 2003). 
     dsDNA breaks are basically repaired by two mechanisms, homologous 
recombination (HR) and nonhomologous end joining (NHEJ). HR requires the 
activation and recruitment of ATM to sites of damage which in turn activates 
various proteins including BRCA1 and CHK2 (Gatei et al., 2000). To initiate DNA 
damage response by NHEJ mechanism, Ku70–Ku80 heterodimer of the DNA-
dependent protein kinase (DNA-PK) catalytic subunit must be recruited to the site 
of damage. Both repairing mechanisms will result in phosphorylation of DNA 
damage response protein p53. In relation to these data, HDACi have shown 
reduction of dsDNA-break repair in many studies. In melanoma cell lines, sodium 
butyrate decreased the expression of NHEJ components Ku70 while in prostate 
cancer cells, vorinostat and TSA caused a significant increase in the acetylation of 
Ku70 that interfere with its DNA binding capability and reduced the ability for 
dsDNA repair (Chen et al., 2007). HR is also downregulated in prostate cancer 
cells by HDAC inhibition which resulted in decreased expression of DNA damage 
repair genes Rad51, CHK1 and BRCA1 (Kachhap et al., 2010). Downregulation of 
BRCA1 (involved in HR repair mechanism) was also noticed in squamous 
carcinoma cells after treatment with TSA and in head and neck cancer cell lines by 




phenyl butyrate that sensitized the cancer cells to cisplatin (Burkitt and Ljungman, 
2008; Zhang et al., 2007). Deactivation of DNA repairing in cancer cells by HDACi 
has showed to enhance the efficacy of the combined ionizing radiation in various 
cancer cell lines including prostate (Camphausen et al., 2004), brain 
(Camphausen et al., 2005), colon (Folkvord et al., 2009), melanoma and lung (Kim 
et al., 2010; Munshi et al., 2005). HDACi-mediated radiosensitization was most 
effective when cells were pretreated with HDACi followed by ionizing radiation 
(Nome et al., 2005). 
1.3.1 Valproic acid 
Valproic acid (VPA) is a branched short-chain fatty acid that was synthesized in 
1882 by Burton (Burton, 1882). It has been successfully used for the treatment of 
different types of epilepsy and other neurological disorders such depression and 
migraine. The main mechanism of VPA in controlling the convulsion is to increase 
the inhibitory effect of the neurotransmitter gamma amino butyrate (GABA) either 
by inhibition of GABA degradation or increases its synthesis in the brain cells 
(Mesdjian et al., 1982). It also decreases the excitatory signals via blocking of Na+ 
channels, Ca2+ channels, and voltage-gated K+ channels in the brain (VanDongen 
et al., 1986). During the last few years, VPA has been under the spot light as a 
drug can be used in cancer therapy. This interest in VPA was based on its anti-
cancer effect due to inhibition of HDACs class I (HDAC 1, 2, 3, and 8) and Class 
IIa (HDAC 4, 5, 7, and 9) with bearing in mind that it is already a registered drug 
and has been used safely for long term treatment of epilepsy (Boudadi et al., 
2013). In addition, it can cross the blood brain barrier and apply its action on brain 
tumors due to its lipid nature (Lucke et al., 1994). 
     VPA as well as other HDACi have anti-proliferative effect and can suppress 
tumor growth via up-regulation of cyclin-dependent kinase (CDK) inhibitors or 
down-regulation of cyclins (cyclin D1) and CDKs (CDK4/6). For example, inhibition 
of HDAC 1, 2 and 5 leads to increase the expression of p21 and p27 genes which 
represent the basic players in cell cycle inhibition. Other mechanism includes 
reactivation of Rb function with subsequent inhibition of transcription factor E2F 




leading to cell cycle inhibition. In fact, VPA can induce both G1 as well as G2/M 
phase arrest of cancer cells which implicate its pleiotropic action ( Li and Seto, 
2016).  
     VPA has shown to induce apoptosis in cancer cells. A number of different 
mechanisms are involved such as upregulation of proapoptotic proteins as well as 
increase the molecules of the extrinsic apoptotic pathway. VPA not only induce 
apoptosis and cell cycle arrest but it also has anti-angiogenic effects and can 
induce tumor differentiation (Hrebackova et al., 2010). However, the exact 
anticancer mechanism of VPA is still unclear and it exhibits different effects in 
various tumors. For instance, VPA has shown to inhibit the invasiveness in bladder 
cancer but not in prostate cancer cells (Chen et al., 2006) and it did not induce cell 
cycle inhibition in some NB cell lines such as SH-SY5Y and SK-N-BE 
(Stockhausen et al., 2005). Moreover, the expression of the pluripotency factor 
Fgf4 decreased in F9 embryonal carcinoma cell line after treatment with VPA while 
elevated in P19 cells (Shi et al., 2011). Collectively, these remarks lead to suggest 
that the anticancer effect of VPA may be cancer type specific and dose dependent 
(Kretsovali et al., 2012). On the other hand, the growing assumption about the role 
of HDAC inhibitors as potential candidates for inducing the pluripotent stem cells 
has been confirmed in some studies (Higuchi et al., 2015). For example, the 
significant effect of VPA on amplification and maintenance of human 
hematopoietic stem cells (Burba et al., 2011; De Felice et al., 2005), enhancement 
of the EMT of colorectal cancer cells (Feng et al., 2015) and induction of CD133 in 
human glioma (Tabu et al., 2008) have been reported in different studies. These 
previous results raise a question whether treatment with VPA may amplify cancer 
cells with stem cell features such as CD133+ cells. 
1.4 Pluripotency and histone deacetylase inhibitors 
Recently, the generation of functioning stem cells from differentiated adult cells 
could be achieved in Shinya Yamanaka’s lab in Japan and he awarded Nobel 
Prize for this pioneer invention in 2012. Shinya Yamanaka found that generation of 




the induced pluripotent stem cells (iPSCs) was successfully achieved by the 
transduction of four basic transcription genes Oct4, Sox2, c-Myc, and Klf-4 into 
mouse fibroblast (Takahashi and Yamanaka, 2006) and human fibroblast 
(Takahashi et al., 2007). Later on, different set of genes (Oct4, Sox2, Nanog, and 
Lin28) were also successfully used (Yu et al., 2007). Currently, mouse iPSCs can 
be generated by reprogramming a single gene such as Oct4 (Li et al., 2011). The 
generated iPSCs showed unlimited self-renewal capacity and were pluripotent 
despite that the molecular makeup of these cells were not identical to an 
embryonic stem cells (Hochedlinger and Plath, 2009). However, the technology 
used for reprogramming the human cells to iPSC by virus mediated delivery of 
transcriptional factors was of very low efficiency and time consumable. Moreover, 
permanent integration of oncogenes such as c-Myc is a serious concern in 
therapeutic applications. Therefore, other reprogramming technologies have been 
developed to replace the use of viral integration for iPSC production (Higuchi et al., 
2015). 
     In fact, epigenetic changes including histone modification has been shown to 
play a valuable role in regulating both stem cell self-renewal and pluripotency. 
Therefore, several epigenetic modifying enzymes molecules have been used to 
promote the somatic cells reprogramming into iPSCs such as DNA 
methyltransferases inhibitors, HDACs inhibitors, histone methyltransferases 
inhibitors, and histone demethylases inhibitors (Kretsovali et al., 2012). 
Surprisingly, among HDAC inhibitors and all other epigenetic modifiers, VPA 
exhibited the most potent effect on induction of iPSCs and enhanced the 
reprogramming efficiency more than 100-fold (Huangfu et al., 2008) that wasn’t 
well understood why it has the most potent influence compared to other HDACi. In 
agreement with these data, the combination of Oct4, Sox2, and VPA was sufficient 
to reprogram somatic cells into pluripotent stem cells with a similar efficiency to the 
initial factors used (Oct4, Sox2, c-Myc and Klf4) (Huangfu et al., 2008). 
     Differentiation is a process of gradual loss of potency that ends up to the point 
where specific cell fate is acquired. Effect of HDACi on the differentiation of normal 
and cancer cells is showing controversy. The differentiating effect of the HDAC 




inhibitors was suggested to rely on the dose of HDACi and the differentiation 
status of the cells. In other words, HDACi may exert an anti-differentiation effect 
when low doses are applied, whereas higher doses applied on undifferentiated 
cells provoke differentiations (Karantzali et al., 2008; McCool et al., 2007). 
     The generation of iPSC cannot be performed with the absence of the 
transcription factor Oct4 which has often been used as a marker of stemness and 
is highly expressed in side population cells of NB (Hämmerle et al., 2013). 
Additionally, the differentiated cells show reduced or absence expression of this 
marker. It is the core regulatory gene maintaining a multipotent state (self-renewal) 
of neural stem cells. It has been reported that over expression of Oct4 is 
associated with poor prognoses in NB and promotes aggressiveness of MYCN-
amplified NB cells (Kaneko et al., 2015). Furthermore, Oct4-positive NB cells are 
resistant to conventional chemotherapy (Kaneko et al., 2015). On contrary, it is 
downregulated on differentiation of NB cells. 
     HDACi seem to be a promising group of anti-cancer drugs, particularly in 
combination with other anti-cancer drugs and/or radiotherapy. Their use in the 
combination with other drugs and the schedule of such drug combinations need to 
be investigated in both preclinical and clinical studies. Indeed, recently, we have 
found that sequence of HDAC inhibitor and DNA-damaging drug is important to 
increase their cytotoxicity (Groh et al., 2015). The other most important question is 
whether the pan-HDAC inhibitors or the selective inhibitors will be more efficient in 
different types of cancers. Furthermore, assumptions about the role of some 
HDAC inhibitors particularly VPA as cancer stem cells inducers (Khalil et al., 2016; 
Rudà et al., 2016) or about the phenomenon that HDAC inhibition may enhance 
the EMT of cancer cells (Feng et al., 2015; Wu et al., 2016) need to be further 
explored. However, the great potential for epigenetic therapies that is caused by 





1.5 Aim of the study 
The main aim of the presented thesis is to explore the synergistic effect as well the 
possible limitations of treatment high risk NB cells with HDACi along with 
commonly used cytostatics. In this work, we could significantly explore and discuss 
the following issues: 
 Cytotoxic effect of low dose of VPA on NB cell lines. 
 Cytotoxic effect of low dose of VPA in combination with different 
cytostatics on NB cell lines. 
 Effect of epigenetic alterations on expression of CD133 
 Effect of VPA on the expression of CD133 
 Effect of CD133 induction on activation of Akt pathway. 
 Effect of induction of VPA on the pluripotent transcription factors 













The following chemicals were purchased from Sigma Chemical Co., (St. Louis, 
MO, USA) unless written otherwise: 
 Potassium chloride (KCl), sodium chloride (NaCl) and magnesium chloride 
(MgCl2).  
 Trizma® base. 
 Glycin. 
 Triton™X-100.  
 Igepal CA-630. 
 Paraformaldehyde. 
 Dithiothreitol (DTT). 
 Trichloroacetic acid (TCA). 
 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromid (MTT). 
 1,2-bis(dimethylamino) ethan (TEMED).  
 Sodium dodecyl sulfate (SDS); Thermo Fisher Scientific (Waltham, MA, USA) 
 Sulphuric acid; Merck Millipore (Darmstadt, Germany). 
 Acetic acid, Giemsa stain and Methanol; Penta (Prague, Czech Republic). 
 




2.1.1 Solvents and buffers 
 Dimethyl sulfoxid (DMSO); Amresco (Solon, Ohio). 
 N,N-Dimethylformamide. 
 Phosphate buffered saline (PBS); Thermo Fisher Scientific (Waltham, MA, 
USA). 
 Tris buffered saline (TBS); Thermo Fisher Scientific (Waltham, MA, USA). 
 Hypotonic lysis buffer (10 mM Tris‐HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl2). 
 RIPA buffer [25 mM Tris pufr; pH=7,6  containing 150 mM NaCl, 1% detergent 
Igepal CA-630, 1% Sodium deoxycholate and 0,1% Sodium dodecyl sulfate 
(SDS)]. 
 Blocking buffer (PBS containing 0.5% BSA and 0.2% Triton X-100). 
 Bovine serum albumin (BSA); Biorad (Herkules, CA, USA). 
 Blotting grade blocker “Non-fat dry milk”; Biorad (Herkules, CA, USA). 
 Stripping buffer (0.5 M NaCl and 0.5 M acetic acid). 
 TWEEN® 20. 
 TBST (TBS + TWEEN). 
2.1.2 Culture media and nutritional factors 
All the used media components were purchased from Gibco Life Technologies 
(Carlsbad, CA, USA) unless mentioned otherwise. 
 Iscove’s modified Dulbecco’s medium (IMDM).  
 Ham´s F12 Nutrient Mixture, 
 Advanced DMEM 
 Fetal bovine serum (FBS) 
 EGF, bFGF; Invitrogen (Carlsbad, CA, USA) 
 B27 supplement. 
 Penicillin / streptomycin. 
 Trypsin, Accutase® and heparin; Sigma Chemical Co., (St. Louis, MO, USA). 
 All cultural plates and dishes were purchased from TPP® tissue culture dishes 
(Sigma.) 




2.1.3 Histone deacetylase inhibitors 
Sodium salt of valproic acid (VPA), trichostatin-A (TSA), vorinostate (SAHA), 
entinostat (MS-275) and valpromide (VPM) were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). Figure 7 shows the difference in chemical structure 
between VPA and its analogue valpromide.  
     VPA was dissolved in IMDM as 200 mM stock solution and stored for maximum 
1 week at 4°C. Other HDAC inhibitors (TSA, SAHA and MS-275) as well as VPM 
“VPA analogue” were dissolved in DMSO which was applied with the drugs in final 




Figure 7: Chemical structures of VPA and valpromide. 
 
2.1.4 Cytostatics  
Vincristine sulfate (VCR) 2mg/2ml and cisplatin (CDDP) 50mg/100ml were 
obtained from Teva Pharmaceuticals (Prague, Czech Republic) and PLIVA-
Lachema (Brno, Czech Republic) respectively. Water solution of cisplatin was 
prepared according to the manufacturer's instructions. Etoposide was purchased 
from Sigma (dissolved in DMSO; final volume of DMSO did not exceed 0.5%). 
2.2 Cell lines 
Human NB cell lines UKF-NB-3 and UKF-NB-4 (Cinatl et al., 1990), established 
from bone marrow metastases of high-risk NB, were kindly provided by Prof. J. 




Cinatl, Jr. (J.W. Goethe University, Frankfurt, Germany). IMR-32 and SH-SY5Y 
were purchased from ECACC, Salisbury, UK. Cells were cultivated in IMDM 
supplemented with 10% FBS and 1% penicillin/streptomycin. Cultured cells were 
grown in a humidified incubator at 37°C and 5% CO2. The examined NB cell lines 
were growing adherent to culture plates and harvested cells did not exceed 90% 
confluence at time of performing experiments. Cells were kept in exponential 
growth by passaging the cells every 3-4 days. Daily culture observation was 
performed using inverted microscope Olympus IX51 (Olympus, Tokyo, Japan). 
2.3 MTT assay 
The principle of MTT assay is that NAD(P)H-dependent cellular oxidoreductase 
enzymes in living cells can reduce the yellow MTT dye to insoluble purple colored 
formazan. Therefore, the density of the formed color reflects the number of viable 
cells. 
     Cells in exponential phase of growth were seeded at 1×104 cells per well in a 
96-well microplate. Hundred micro liters of medium were added to each well in the 
first column of the plate. Through the 2nd to 12th column was added 50μl of 
medium per well. Then, 50μl of the highest concentration of tested drug were 
added to wells of the 3rd column, mixed gently and serial dilution was made in the 
successive wells. This procedure allows the drug to be diluted to half 
concentration in each following well. Finally, 50μl of cells were added through 2nd 
to 12th columns and plate was incubated for 72 hrs at 37 °C and 5% CO2 saturated 
atmosphere. After 72 hrs, 50μl of the MTT solution (2 mg/ml PBS) was added to all 
wells. The microplate was incubated for 3 hrs and cells lysed by adding 100μl of 
50% N, N-dimethylformamide containing 20% of SDS (pH 4.5). The absorbance at 
570 nm was measured for each well by multiwell ELISA reader VERSA max 
(Molecular devices, CA, USA). The mean absorbance of medium control was 
subtracted as a background. The viability of control cells was taken as 100% and 
the values of treated cells were calculated as a percentage of control. The IC50 




values represented the concentration of the tested drug that induces 50% less 
living cells than in control. 
     In our experiments, the IC50 values of VPA, CDDP and VCR regards NB cell 
lines after 72 hrs of treatment was assessed. The average value was calculated 
from at least 3 independent experiments using the linear regression of the dose-
log response curves by SOFTmaxPro software. For the dose response curve, a 
serial dilutions of the mentioned drugs (0.1–50 mM VPA), (0.08–40 μM CDDP) 
and (0.04–20 nM VCR) were used.  
2.4 Real-time monitoring of cell viability by xCELLigence system 
The xCELLigence RTCA DP Instrument (ACEA Bioscience Inc., San Diego, CA, 
USA) placed in a humidified incubator at 37˚C and 5% CO2 was used for real-time 
label-free monitoring of cell viability (Ke et al., 2011). The presence of adherent 
cells at the electrode-solution interface impedes electrons flow across gold 
microelectrodes fused to the bottom surface of a micro-plate well. The magnitude 
of this impedance is dependent on the number of cells, the size and shape of the 
cells, and the cell-substrate attachment quality. Importantly, neither the gold 
microelectrode surfaces nor the applied electric potential (22 mV) have an effect 
on cell health or behavior. Cells in a density of 2×104 were seeded into 16-well 
plates for impedance-based detection. Each condition (ex. control, 1 mM VPA, 
4 μM cisplatin and combination of 1 mM VPA with 4 μM cisplatin) was tested in 
duplicate. Cell index (CI) was monitored every 30 min along the desired period 
and data recorded by the supplied RTCA software. 
2.5 Assessment of apoptosis 
In normal live cells, phosphatidylserine (PS) is a component of the inner leaflet of 
the cell membrane. However, one of the early signs of apoptosis is translocation of 
PS to the outer leaflet of the plasma membrane. Annexin V is a Ca2+ dependent 
phospholipid-binding protein that shows high affinity for PS in an environment with 




high calcium concentration. Annexin V labeled with a fluorophore can strongly bind 
to the cell membrane of apoptotic cells. On the other hand, PI can bind tightly to 
the nucleic acids in dead cells while it is impermeant to live or early apoptotic cells. 
Thereby, double staining with Annexin V and PI can easily distinguish live, early 
apoptotic and late apoptotic or necrotic cells. Other method to detect the apoptosis 
is to demonstrate the cleavage of the effector caspases such as caspase-3. Both 
methods we used in our experiments as follow 
2.5.1 Annexin V / propidium iodide (PI) labeling 
Annexin V-fluorescein isothiokyanate (FITC) Apoptosis Detection Kit (Biovision, 
Milpitas, CA, USA) was used for detection of apoptosis according to the 
manufacturer's instructions. 
     Culture medium containing dead cells was collected in a tube followed by 
addition of the adherent cells remaining in the culture dish after being dissociated 
by gentle trypsinization. Tube was centrifuged at 300 g for 2 min. After washing 
step with cold PBS and spinning, cells were re-suspended in 100 μl of Annexin 
binding buffer (HEPES buffer with high Ca2+ concentration) containing 5 μl of 
Annexin V- FITC and 5 μl of PI. Cells were gently vortexed and incubated for 
20 min in dark at room temperature. Binding buffer (400 μl) was added to each 
tube then centrifuged at 300 g for 2 min. Formed cell pellet was suspended in 
Annexin binding buffer then immediately measured using LSR II flow cytometer 
(BD, Franklin Lakes, CA, USA). The sum values of early apoptotic cells (Annexin 
V+/PI-) and late apoptotic cells (Annexin V+/PI+) represented the total apoptosis. 
2.5.2 Detection of active caspase-3. 
UKF-NB-4 cells at density of 0.8 x 106 cells were plated in 60-mm dishes and 
treated with individual drugs or their combinations for 48 hrs. Percentage of active 
caspase-3 positive cells was detected using the CaspGLOW™ Flourescein Active 
Caspase-3 Staining kit (eBioscience, San Diego, CA, USA). The procedure used 
was as described in the manufacturer's instructions. Briefly, control or treated cells 
were washed with cold PBS, trypsinized and collected by centrifugation. Cell 




pellets were washed with cold PBS, centrifuged and re-suspended in 300 μl of a 
complete medium containing 1 μl of FITC labeled DEVD-FMK (synthetic peptide 
that binds to catalytic site of activated caspase-3). Then the cells were incubated 
for 30 min at 37˚C and 5% CO2. Cells were centrifuged and pellet was re-
suspended in washing buffer. Finally, cells were measured using the LSR II flow 
cytometer (BD, USA) and analyzed by FlowLogic software (Inivai Technologies, 
Balcombe, Australia). 
2.5.3 Detection of cleaved caspase-3 
Using monoclonal anti-cleaved caspase-3 Alexa Fluor® 647 conjugated antibodies 
was a direct method to detect cleaved (active Caspase-3) by cytometry (see 
section Materials and Methods 3.10). 
2.6 Assessment of cell cycle 
Effect of VPA on cell cycle was assessed using DNA PREP Reagents kit 
(Beckman Coulter Inc., Brea, CA, USA) according to the manufacturer's 
instructions. Cells were collected by trypsinization, washed with PBS and 
centrifuged. A 100 μl of permeabilization reagent was applied on cells and 
mixed gently, followed by addition of 1000 μl of “DNA Prep Stain” con taining 
PI solution with RNase. Cells were incubated in room temperature for 10 min 
and at least 30,000 cells were analyzed by flow cytometry LSR II (BD, USA). 
The proliferation index was calculated using the following formula: 
proliferation index = (G2M+ S)/ (G0G1 + S + G2M). All measurements were 
independently repeated at least three times. PI is a fluorescent DNA stain that 
can’t cross the intact plasma membrane. 4',6-diamidino-2-phenylindole (DAPI) 
stain is also a fluorescent DNA intercalating agent that we used in 
combination with CD133 antibodies to assess the cell cycle of CD133− and 
CD133+ populations, (see section Materials and Methods 3.10). 
 
 




2.7 Isolation of histones 
We used the methods described by Shechter et al (Shechter et al., 2007) that is 
based on acid extraction followed by precipitation of histones using TCA. The 
initial step to estimate the acetylation status of histones H3 and H4 was isolation of 
nuclear histones.  
     Mechanically harvested cell samples were washed with PBS, centrifuged and 
re-suspended in 1 ml of hypotonic lysis buffer supplemented with 1 mM DTT and 
cOmplete™ Protease Inhibitor Cocktail (Roche, Basel, Switzerland, 1 tablet for 
50 mL of buffer). The suspension was incubated for 30 minutes on a rotator in the 
refrigerator (4°C). After centrifugation 10,000 g at 4°C for 10 minutes, the pellet 
containing the nuclear fraction was re-suspended in 400 μl of 0.2 M H2SO4 (acid 
extraction step). The mixture was incubated on a rotating stand in a refrigerator for 
30 minutes and then centrifuged 16,000 g at 4°C for 10 minutes. The supernatant 
was transferred to a new tube and precipitated by the gradual dropwise addition of 
132 μl of 100% TCA. Samples were incubated on ice for 30 minutes and then 
centrifuged 16,000 g at 4°C for 10 minutes. The histones stacked on the tube wall, 
were carefully rinsed twice with ice cold acetone. The acetone-washed histones 
were air dried at room temperature and subsequently dissolved in 40-70 μl of 
distilled water. The samples were stored at -80°C. The histone concentration was 
determined by the method mentioned in section 3.8. 
2.8 Determination of protein concentration 
Protein concentration was assessed as described by Lowry (Lowry et al., 1951). 
The DC Protein Assay kit from BioRad (Hercules, CA, USA) was used to 
determine the protein concentration according to the manufacturer's instructions.  
     Seven prepared standard dilutions of BSA (ranging from 0.125 to 2.8 mg/ml) 
and the blank well (consisting of DNA-free distilled water) were the references 
used to determine the protein concentration of the sample. Solution A' was 




prepared by mixing 1000 μl of solution A with 20 μl of solution S and then 25 μl of 
solution A' were added to each 5 μl of standards and samples in the microplate. 
200 μl of solution B was then added. After 15 minutes incubation at room 
temperature with gentle rotation, absorbance was measured on a VERSA max 
spectrometer (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 
750 nm. The detected data were evaluated by the SoftMax Pro software, which is 
part of the spectrophotometer. 
2.9 Western blot 
2.9.1 Detection of CD133 
Cells were collected mechanically, washed with PBS, centrifuged and lysed in 
RIPA buffer containing cOmplete™ Protease Inhibitor Cocktail (Roche 
Diagnostics, Basel, Switzerland). Protein concentration was measured using 
above mentioned DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA). 
Thirty micrograms of extracted proteins were separated by SDS-PAGE 
electrophoresis using 10% gel. Separated proteins were transferred to a 
nitrocellulose membrane and blocked with 3% non-fat milk/ 0.1% TWEEN for one 
hour at 4°C. The membrane was exposed to mouse anti-human CD133/1 clone 
W6B3C1 (1:100; Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) as the 
primary antibody for one hour at room temperature. Membrane was washed and 
exposed to peroxidase conjugated anti-mouse IgG secondary antibody (1:2000; 
Bio-Rad Laboratories) for 10 minutes. Antigen-antibody complex was visualized 
using an enhanced Immun-Star HRP Substrate chemiluminescence detection 
system (Bio-Rad Laboratories) according to the manufacturer’s instructions. 
Beta-actin antibody (1:2000; Sigma-Aldrich) was used as a loading control. 
Washing of the membranes by TBST was performed using SNAP i.d. 2.0 Protein 
Detection System (Millipore) 3 times for 5 minutes each. Detection of the 
fluorescent bands on X-ray films was done using MEDIX XBU (Foma, Hradec 
Kralové, ČR). Stripping buffer was applied to the nitrocellulose membrane to 




remove the previously used antibodies and thus the membrane can be reused for 
detecting other proteins on the same membrane. 
2.9.2 Detection of Phosphorylated Akt (p-Akt) 
We used rabbit monoclonal anti-p-Akt (Ser473) antibody (clone D9E) and rabbit 
polyclonal anti-Akt (total) antibody (both, 1:1000; Cell Signaling Technology Inc., 
Beverly, MA, USA) for detection of p-Akt expression on same membrane where 
CD133 was detected. 
2.9.3 Detection of pluripotency transcriptional factors 
Pluripotency transcription factors were examined according to the manufacturer’s 
instructions using StemLight™ Pluripotency Transcription Factor Antibody Kit (Cell 
Signaling Technology) containing rabbit monoclonal anti Oct4 clone C30A3 
(1:1000), Sox2 clone D609 (1:1000) and Nanog clone D73G4 (1:2000) antibodies. 
Peroxidase conjugated anti-rabbit IgG (1:2000; Bio-Rad Laboratories) was used 
as secondary antibody. Same membrane where CD133 was detected was used 
after stripping. 
2.9.4 Detection of acetylated histones H3 and H4 
Due to the low molecular weight of the histones, 5 μg of the isolated histones were 
electrophoretically separated using 4-20% TGX precast gels or 16% prepared gel. 
After migration, histones were transferred to a nitrocellulose membrane and 
incubated with 3% non-fat milk to block non-specific binding. The membranes 
were then exposed to specific rabbit polyclonal anti-acetyl-histone H3 (1:4,000) 
and anti-acetyl-histone H4 (1:1,000) antibodies (both from Upstate Biotechnology 
Inc., Lake Placid, NY, USA) overnight at 4˚C. Membranes were washed and 
exposed to peroxidase conjugated anti-rabbit IgG secondary antibodies (1:2000, 
Bio-Rad Laboratories) and the antigen-antibody complex was visualized by 
enhanced chemiluminescence detection system according to the manufacturer's 
instructions (Immun-Star HRP Substrate, Bio-Rad). Mouse anti-histone H3 
antibody (1:10,000; Millipore, Billirica, MA, USA) was used as a loading control. 




2.10 Immunofluorescence staining of CD133 
Cells were harvested using accutase (Sigma-Aldrich), washed with PBS and 
blocked with 0.1% bovine serum albumin for 15 minutes. Cells were incubated 
with primary mouse anti-human CD133/2 PE conjugated antibodies (1:10, Miltenyi 
Biotec) for 30 minutes in dark at room temperature. Cells were fixed with a solution 
of 3.6% paraformaldehyde/PBS for 10 minutes. After a washing step, cells were 
incubated in Hoechst 33342/PBS solution (Sigma-Aldrich) in a final concentration 
of 5 µg/ml for 30 minutes at 4˚C. Slides were observed under the Olympus AX70 
fluorescence microscope (Olympus Optical Co., Ltd., Japan) with a CCD camera 
(Jenoptik, Jena, Germany). Cells stained with mouse IgG2b-PE (1:100, Miltenyi 
Biotec) isotype was used as control. 
2.11 Confocal microscopy 
UKF-NB-3 cells were fixed with 4% paraformaldehyde for 15 min at room 
temperature, washed three times with PBS and then blocked with a PBS-based 
solution containing 1% bovine serum albumin and 0.25% Triton X-100 (Sigma-
Aldrich). Cells were incubated overnight at 4°C with mouse monoclonal anti-
CD133 (1:30, clone W6B3C1, Miltenyi Biotec). After being washed three times 
with PBS, cells were co-incubated with goat anti-mouse DyLight 488 IgG (1:400; 
Abcam). Nuclei were counterstained with DAPI (1μg/mL; Life Technologies). 
Immunofluorescent images were collected using Leica TCS SP5 confocal 
microscope (Leica Microsystems, Mannheim, Germany). 
2.12 Cytometric measurement of cell cycle and cleaved 
caspase-3 in CD133 populations 
We combined CD133 measurement with cell cycle or with cleaved caspase-3 
assessment for detection of apoptosis-sensitive cells in CD133− and CD133+ 
populations. UKF-NB-3 cells were cultured at a density of 2×105 cells/ml in 60-mm 




dish and left for 24 hrs to adhere and then were treated with CDDP (1 μM) or VCR 
(0.20 nM) as well as in combination with 1mM VPA. After 72 hrs, the medium was 
removed and cells were rinsed twice with PBS. Attached cells were collected using 
Accutase® (Sigma-Aldrich), mixed gently in IMDM with 10% FBS and centrifuged. 
About one million cells were re-suspended in 100 μL PBS containing 0.5% BSA 
(Sigma-Aldrich) and then incubated with mouse anti-human CD133/2 PE-
conjugated primary antibody clone 293C3 (1:10, Miltenyi Biotec) for 15 min in 
darkness at 4°C. Cells were washed and fixed with 3.6% paraformaldehyde/PBS 
for 10 min on ice. After washing, cells were permeabilized and nuclei stained with 
DAPI at a final concentration of 10 μg/ml (Life Technologies, CA, USA) in a 0.15% 
TritonX/PBS solution for 15 min on ice. Cells were washed and incubated with 
monoclonal anti-cleaved caspase-3 Alexa Fluor® 647 conjugated antibodies clone 
D3E9 (1:50; Cell Signaling) for 30 min on ice. Identically treated samples stained 
with Mouse IgG2b-PE antibodies (1:10; Miltenyi Biotec) were used as isotype 
controls. Labeled cells were measured immediately by LSR II Flow Cytometer (BD 
Bioscience) using 405 nm, 488 nm and 640 nm laser for excitation. The 
fluorescence emission was collected using 575/26 bandpass filters for PE, 660/20 
for Alexa Fluor 647 and DAPI was detected with a 450/50 bandpass filter. FACS 
Diva version 5.0 software (BD Biosciences, Heidelberg, Germany) was used for 
data acquisition and data were analyzed using FlowJo X software (Tree Star, 
Oregon, USA). All measurements were independently repeated at least three 
times 
2.13 Determination of histone H2AX phosphorylation status 
0.8x106 cells were plated in 60-mm dishes and treated with individual drugs or 
their combinations. Control or treated cells were washed with cold PBS, 
trypsinized and collected by centrifugation. Cell pellets were washed with PBS, 
centrifuged and then fixed in 2% formaldehyde / PBS for 10 min. After washing 
step, the cells were re-suspended in ice-cold 90% methanol / PBS and incubated 
for 60 min at -20˚C. Cells were washed three times in blocking buffer and finally 




incubated in 50 μl of blocking buffer containing 5 μl of pH2AX antibody [Alexa 
Fluor® 647 anti‑H2A.X-Phosphorylated (Ser139), Biolegend, San Diego, CA, 
USA] for 60 min at 4˚C. Cells were washed and measured using the LSR II (BD, 
Franklin Lakes, CA, USA) and analyzed with FlowLogic software. 
2.14 CD133 promoter methylation profiling 
2.14.1 Treatment with 5-aza-2’-deoxycytidine 
Cells were cultured in a density of 4×105 cells/ml in 60 cm2 dishes and left to 
adhere overnight. Cultured cells were treated with 5-aza-2’-deoxycytidine (AZA) 
(Sigma-Aldrich) for 6 days at a dose of 4 μM for IMR-32 and 8 μM for UKF-NB-4. 
VPA was added 48 hrs before collecting the cells. The medium was changed and 
replaced with new AZA containing medium every two day. Adherent cells were 
collected for western blot and DNA isolation. 
2.14.2 Methylation-sensitive high resolution melting analysis 
Bisulfite conversion: DNA was extracted using a Puregene Core KitA (Qiagen, 
Hilden, Netherlands). Whole genomic DNA was treated with sodium bisulfite using 
an Epitect Bisulfite Kit (Qiagen) to convert unmethylated cytosine to uracil, 
following the manufacturer´s protocol. 
     Methylation-sensitive high resolution melting (MS-HRM): Real-time PCR 
followed by HRM was carried out using a high-performance Eco Real-Time PCR 
system (Illumina, San Diego CA, USA). CD133 primers specific for bisulfite 
converted DNA of the promoter P1 and P3 (Shmelkov et al., 2004) were designed 
(Table 2) using Methyl Primer Express Software v1.0 (Applied Biosystems, 
Carlsbad, CA, USA). The reaction mixture consisted of 10 ng of template DNA, 1x 
EpiTect HRM Master Mix (Qiagen) and 300 nmol/l of each primer. PCR was 
initiated by incubation at 95°C for 5 min, followed by 50 cycles at 95°C for 10 sec, 
56°C for 20 sec, and 72°C for 10 sec. The HRM thermal profile was set up 
according to the manufacturer’s recommendations. For each assay, a standard 




dilution series using EpiTect Control DNA (Qiagen) was run. Fluorescence data 
were converted into melting peaks using Eco Software v3.0.16.0 (Illumina). 
Table 2: CD133 primers specific for bisulfite converted DNA of the promoter P1 and P3. 
 
Primer name Primer sequence Tm [°C] Ta [°C] [bp] 
Number of 
CpG 
HRM-P1-F 5' TGGGATTAGGTAATAGAAGGGTT 3' 60.5 
56 179 5 
HRM-P1-R 5' CAACACCTAAACAACATCCATT 3' 60.2 
HRM-P3-F 5' TTATTGTATTGGGGGTGTATAGTGA 3' 61.9 
58 135 8 
HRM-P3-R 5' CAATTCCTCTAACCCCCAAC 3' 62.1 
[bp], base pairs of the PCR product;[Ta], annealing temperature of primers; [Tm], melting temperature of primers. 
2.15 Colony assay  
Cells pretreated with 1mM VPA for 72 hrs and the untreated control were rinsed 
with PBS, trypsinized and passed through a 40 μm size mesh filter to remove 
clumps. Trypan blue was used to perform a cell count which showed 96 to 98% 
viability using TC20 cell counter (Bio-Rad Laboratories, Hercules, CA, USA). Cells 
pretreated with 1mM VPA for 72 hrs and the untreated control were counted using 
TC20 cell counter (Bio-Rad Laboratories, Hercules, CA, USA). One hundred cells 
per well were seeded in 6-well plates and left to grow in IMDM with 10% FBS at 
37°C and 5% CO2 for 14 days. Formed colonies were fixed in acetic acid/methanol 
1:7 solution for 5 min, then the fixative solution was withdrawn and colonies were 
left to dry. Dried colonies were stained with Giemsa stain overnight. Colonies 
greater than 50 cells were counted and plating efficiency was calculated as 
follows: plating efficiency= (number of colonies formed / number of cells 
seeded) × 100. 
2.16 Neurosphere formation assay 
Cells were seeded at a density of 100 cells per well in 6-well ultra-low attachment 
multiwall polystyrene plates (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA). 
Cells were maintained in serum-free media (SFM) contained a 1:1 mixture of 
Ham´s F12 Nutrient Mixture and advanced DMEM (Gibco Life Technologies), 




supplemented with 40 ng/ml EGF, 20 ng/ml bFGF (both from Invitrogen, Fisher 
Scientific),1% B27 supplement (Gibco Life Technologies), 2 μg/ml heparin (Sigma 
Aldrich) and 100 units/ml penicillin/ streptomycin. Aliquots of EGF and bFGF were 
supplied every other day. On day 14, formed neurospheres were counted under 
microscope (Olympus IX51; Olympus Corporation, Tokyo, Japan). 
2.17 RNA isolation and real-time RT-PCR 
Total RNA was extracted from cells lines using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). The quality of the isolated RNA was verified using horizontal 
agarose gel electrophoresis and RNA quantity was measured using Nanodrop 
1000 (Thermo Scientific, Waltham, MA, USA). The complementary DNA (cDNA) 
was obtained by reverse transcription of 1μg of RNA samples using TaqMan™ 
Reverse Transcription Reagents including random hexamers primers (Applied 
Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. 
The following cycling conditions were used for the reverse transcription reaction: 
incubation at 25 ºC for 10 min followed by 37 ºC for 50 min then at 95 ºC for 5 min 
and finally incubation at 4 ºC. The prepared cDNA was used for real-time (RT) 
polymerase chain reaction (PCR) under the following cycling conditions: 
incubation at 50 ºC for 2 min and initial denaturation at 95 ºC for 10 min, then 40 
cycles of denaturation at 95 ºC for 15 sec and annealing at 60 ºC for 1 min. The 
reaction mixture (20 μl) contained 2 μl cDNA, 10 μl Power SYBR Green PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA) and 1 μl of forward and 
reverse CD133 primers ordered from Generi Biotech (Hradec Kralove, Czech 
Republic). β-2-microglobulin (B2M) primers purchased from Generi Biotech 
(Hradec Kralove, Czech Republic) were used as the reference gene (Table 3). All 
samples were analyzed in triplicate. Negative controls had the same composition 
as samples but ultra-pure water was used instead of cDNA. RT-PCR samples 
were analyzed using 7500 Real-Time PCR System (Applied Biosystems, Foster 
City, CA, USA). Data were evaluated by comparative cycle threshold (CT) method 
for relative quantitation of gene expression using the relative expression software 




tool (REST) (Pfaffl et al., 2002). Cycle thresholds, at which a significant increase in 
fluorescence signal was detected, were measured for each sample. Then ΔCT 
was evaluated according to the following equations: ΔCT = CT (target) - CT 
(internal standard).  
Table 3: List of the CD133 and reference gene primers used for the RT-PCR 
 
Primer name Forward Reverse 
CD133 5’  GCATTGGCATCTTCTATGGTT 3’ 5’  CGCCTTGTCCTTGGTAGTGT 3’ 
B2M 5’ CTATCCAGCGTACTCCAAAG 3’ 5’ GAAAGACCAGTCCTTGCTGA 3’ 
 
2.18 Statistical analysis 
Numerical data were expressed as mean ± standard deviation (SD). Paired 
Student’s t-test (two tailed) was used for statistical analysis using SPSS.v16.0 for 
windows (SPSS Inc., Chicago, IL, USA). GraphPad Prism6 software (GraphPad 
Software, La Jolla, CA, USA) and Excel 2007 was used for graphical processing of 
data. P values less than 0.05 were considered statistically significant and indicated 
with (*), P values less than 0.01 represented high significance (**) and the highly 
significant difference (***) when p values were less than 0,001. Each experiment 




















Most of the results presented in this dissertation work were published in 
scientific journals with an impact factor. Individual publications are listed as 
attachments to the dissertation (Page 104)  
3.1 Assessment of the cytotoxic effect of 1 mM VPA on NB cell 
lines. 
The cytotoxic effect of 1 mM VPA at 72 hrs was evaluated by determination of its 
effect on inhibitory of the cell cycle, induction of apoptosis and the IC50. 
3.1.1 Effect of VPA on cell cycle 
In this experiment, cytometric assessment of the cell cycle was performed using PI 
staining. Our results showed that proliferation of the NB cells was significantly 
reduced after treatment with 1 mM VPA with a significant increase in G0/G1 
phases that was noticed almost in all examined NB cell lines. Interestingly, 
SH-SY5Y was the only tested NB cell line which did not show decrease in the 
proliferation index or increase in G0/G1 phases after exposure to VPA (Figure.8). 
 






Figure 8: Effect of 1 mM VPA on cell cycle of NB cell lines. The graph shows the 
changes in different phases of cell cycle after treatment with 1 mM VPA which is 
manifested by increased G0/G1 phases with exclusion of this effect in SH-SY5Y cell line. 
 
Additionally, we monitored the proliferation of UKF-NB-3 cells in different 
concentrations of VPA (1, 2 and 5 mM) using real-time monitoring system 
(xCELLigence). Surprisingly, we found that the dose of 1 mM VPA could 
effectively maintain UKF-NB-3 cells alive for 330 hrs without the need to supply 
the cell culture with new medium or any nutritional factor. The other used doses (2 
and 5 mM) were toxic and inhibited the cell growth (Figure.9). Control cells were 
rapidly growing in the culture with greater consumption of nutrients in the medium 
which resulted in early death (168 hrs). Here, we would like to underscore that the 
VPA concentration we used in our experiments (1 mM) is similar as recommended 
serum concentration of patients in clinical trials (Wheler et al., 2014). 
3.1.2 Effect of 1 mM VPA on induction of apoptosis 
Apoptosis was measured by the Annexin V-FITC/PI double staining assay. This 
method allows differentiation of early apoptotic cells with intact membranes 
(Annexin V+/PI-) from late apoptotic/necrotic cells with leaky membranes (Annexin 
V+/PI+) while normal cells were not stained by any of the dyes (Annexin V-/PI-). 














tested cell lines but the percent of apoptosis did not exceed 5% at maximum (i.e. 
IMR-32) compared to the controls. In table 4, the sum values of early and late 




Figure 9: Real-time monitoring of UKF-NB-3 cells viability treated with 1, 2, and 5 
mM VPA. Proliferation of cells was measured by the xCELLigence system and expressed 
as cell index. Representative data from one of three independent experiments are shown. 
 
3.1.3 IC50 of 1 mM VPA in NB cell lines 
The average IC50 for UKF-NB-3, IMR-32, UKF-NB-4, and SH-SY5Y were 1.27, 
1.3, 2, and 9 mM respectively (Table 4). These low IC50 values (except for 
SH-SY5Y) were mainly due to the inhibitory effect of VPA on cell cycle rather than 
apoptosis which was significant but so few to result in such low IC50 (Table 4). In 
fact, VPA reduced the cell number due to shifting of cells toward G0/G1 phases of 
the cell cycle which consequently decreased the proliferation index and resulted in 
remarkable difference in cell number between control cells and cells treated with 
VPA leading to low IC50 as detected by MTT test (MTT test compares number of 
living cells in control and treated sample regardless the decrease of number in 
treated sample is due to apoptosis or cell cycle arrest) (Table 4). Taking in mind 
that cell cycle inhibition associated with 1 mM of VPA was markedly obvious in 
UKF-NB-3, IMR-32, and UKF-NB-4, while it was insignificant in SH-SY5Y during 




the examined period. Thus, this explains the high IC50 value in SH-SY5Y as it 
represents mainly the apoptotic effect induced by 1 Mm VPA due to irrelevant 
effect on the cell cycle.  
 
Table 4: IC50, apoptosis, and proliferation index of NB cell lines after treatment with 
1 mM VPA for 72 hrs. 
 
Cell line IC50VPA mM 
Apoptosis Annexin V / PI labeling Proliferation index (G2M + S) / (G0G1 + S + G2M) 
Control (%) VPA (%) Control VPA 
UKF-NB-3 1.27 ± 0.46 2.27 ± 0.49 4.86 ± 1.74** 0.50 ± 0.05 0.43 ± 0.02* 
IMR-32 1.30 ± 0.69 2.08 ± 0.26 7.02 ± 0.88** 0.55 ± 0.01 0.43 ± 0.01** 
UKF-NB-4 2.00 ± 0.60 0.61 ± 0.15 4.72 ± 0.48** 0.64 ± 0.02 0.58 ± 0.01** 
SH-SY5Y 9.00 ± 1.44 3.84 ± 1.02 7.38 ± 0.78** 0.35 ± 0.04 0.34 ± 0.03Ns 
Ns, Non-significant 
* p < 0.05 
** p <0.01 
- paired t-test 
3.2 Cytotoxic effect of 1 mM VPA in combination with DNA-
damaging conventional chemotherapy 
In this part of our work, we explored which type of cytostatics can be efficiently 
combined with VPA to enhance their cytotoxic effect as well the best drug regimen 
administration for this combination. 
3.2.1 VPA synergizes cytotoxicity of cisplatin on UKF-NB-4 human 
neuroblastoma cells. 
Treatment of UKF-NB-4 cells with 1 mM VPA for 48 hrs obviously did not induce 
significant apoptosis and the amount of Annexin V-/PI- cells were almost the same 
as in the control sample (Figure 10A and 10B). On the other hand, treatment with 
cisplatin alone or simultaneously with VPA significantly induced apoptosis in 
UKF-NB-4 cells (Figure 10C and 10D and figure 11). As shown in figure 10, 
treatment of UKF-NB-4 cells with 20 μM cisplatin for 48 hrs decreased the 
percentage of viable cells to 61.3% (shown in a lower-left panel in figure 10C) with 
a concomitant increase in percentage of early apoptotic cells to 15.5% (shown in a 
lower-right panel in figure 10C), and late apoptotic cells to 22.2% (shown in an 




upper-right panel in figure 10C). These results confirm the high degree of cisplatin 
activity in triggering apoptosis in NB cells (Mastrangelo et al., 1995). However, 
UKF-NB-4 cells co-treated with cisplatin and 1 mM VPA displayed a further 
decrease in the percentage of viable cells rather than treatment with cisplatin 
alone, 61,3% and 43.8% respectively (Figure 10D). The decrease in viable cells 
was concomitant with an increase in amounts of early apoptotic cells to 20.7% and 
late apoptotic cells to 34.2% (Figure 10D). These data indicate that VPA elevates 
the potency of DNA-damaging agent cisplatin to induce apoptosis in UKF-NB-4 
cells. Similarly, treatment with low dose of cisplatin (4 μM) also induced apoptosis 
in UKF-NB-4. Even though this dose showed low toxicity to the tested cells, it was 
augmented in combination with VPA (Figure 11). 
     Caspases, a family of cysteine-aspartic proteases, are known to be crucial 
mediators in the apoptotic signaling pathways (Earnshaw et al., 1999). Since 
caspase-3 is the major executioner caspase essential for activation of one of the 
primary apoptotic signaling pathways and its activation ultimately leads to cell 
death (Slee et al., 2001), thus it is suited as a read-out in an apoptosis assay. 
Therefore, we evaluated whether apoptosis induced by the above mentioned 
treatment regimens is associated with changes in caspase-3 activation. A similar 
result to that found using Annexin V for induction of apoptosis by the combined 
effect of VPA and cisplatin was detected by measuring the percentage of cells with 
activated caspase-3. Exposure of UKF-NB-4 cells to 1 mM VPA simultaneously 
with 4 or 20 μM cisplatin increased percentage of cells with active caspase-3, by 
up to 2-times as compared with cells treated with cisplatin alone (Figure 12). 
These results indicate that induction of apoptosis in UKF-NB-4 cell line caused 
by cisplatin was triggered by the activation of caspase-3 that is enhanced by 
co-treatment with VPA. 
 






Figure 10: Apoptosis induction in UKF-NB-4 cells at 48 hrs by 1 mM VPA (B), 20 μM 
cisplatin (C), 8 μM etoposide (E), 20 nM vincristine (G) and their combination with 1 
mM VPA [VPA + cisplatin (D), VPA + etoposide (F), VPA+ vincristine (H)]. (A) 
Control cells incubated in a medium without drugs. Apoptosis was measured using 
Annexin V-FITC/PI labeling. Figure shows representative data from one of three 
independent experiments. 
 






Figure 11: Apoptosis induction in UKF-NB-4 cells at 48 hrs by 1 mM VPA, 4 μM 
cisplatin and their combination. Apoptosis was measured using Annexin V-FITC/PI 
labeling. Mean and SD from three independent experiments is shown. **P <0.01, a 
significant difference between cells treated with cisplatin combined with VPA and 





Figure 12: The percentage of active caspase-3 in UKF-NB-4 cells when treated 
with 1 mM VPA, 4 μM cisplatin (A), 20 μM cisplatin (B) and their combination 
for 48 h. Mean and SD from three independent experiments is shown. *P<0.05, a 
significant increase in percentage of cells with active caspase-3 treated with cisplatin 
combined with VPA, as compared to cells treated with cisplatin alone (Student's t-test). 
 




An increase in the cytotoxic potency of 4 μM cisplatin by 1 mM VPA was also 
proved by analyzing cell growth with the xCELLigence system for real-time 
monitoring of cell viability using electrical impedance that represents the readout 
(Figure 13). As shown in figure 13, cells cultivated with VPA grew slowly up to 
~ 90 hrs, while their cell index was not increasing after this time period. UKF-NB-4 
cells treated with cisplatin grow exponentially till 50 hrs of cultivation, but after this 
time period, cisplatin caused a decrease in their viability. However, after >100 hrs 
of cultivation, cells incubated with 4 μM cisplatin started to grow again. Hence, 
treatment of cells with 4 μM cisplatin alone is not sufficient to inhibit cell growth 
totally. The most efficient cytotoxic effect on UKF-NB-4 cells was produced by 
their co-cultivation with VPA and cisplatin; when this combination was applied, the 




Figure 13: Viability of UKF-NB-4 cells treated with 1 mM VPA, 4 μM cisplatin and 
with both drugs. Viability was measured by the xCELLigence system and expressed as 
cell index. Representative data from one of three independent experiments are shown. 
 
     Computation analysis of cell survival calculated by Compusyn software (Chou 
and Talalay, 1984) was used to estimate whether activities of these two drugs are 
synergistic. Namely, we calculated the value of the combined effect of VPA and 
cisplatin and expressed it as combination index (CoI). When the values of CoI are 
<0.90, activities of two drugs are synergistic (the combination index ranging from 
0.70 to 0.89 corresponds to a moderate synergism of drugs). However, the values 




of ≥0.9 indicate that the activities of two drugs are not synergistic (Chou, 2006). 
The value of CoI for the simultaneous effect of 4 μM cisplatin and 1 mM VPA 
equals 0.70, which corresponds to a moderate synergism of this combination. In 
contrast to VPA, a non-toxic concentration of TSA (40 nM) (another HDAC 
inhibitor tested in our study) could not potentiate the cytotoxic effect of cisplatin on 
UKF-NB-4 cells that was found using Annexin V-FITC/PI double staining assay or 
active caspase-3 assay (data not shown). 
3.2.2 Suggested regimen for combination of cisplatin with HDAC 
inhibitors 
Because the effect of the combination of cytostatic drugs with HDAC inhibitors 
may vary according to the treatment regimens that would result in either an 
increase or decrease in cytotoxic effects (Das et al., 2010; Luchenko et al., 
2011), we examined various treatment regimens for a combination of the 
tested chemotherapy with VPA. 
     The different combination regimens of VPA and cisplatin applied to the 
UKF-NB-4 cells are listed in (Table 5). The induction of apoptosis in cells 
cultivated under these treatment regimens is shown in figure 14. The most 
effective drugs combination resulted in a decrease in viability of UKF-NB-4 
cells was exposure to cisplatin followed by VPA (the cells treated with 20 μM 
cisplatin for 24 h and then with 1 mM VPA for 48 h) (see a combination 
cisplatin/VPA in figure 14). On the contrary, the opposite sequence of drug 
application (VPA/cisplatin) led to essentially no changes in viability of cells as 
compared with cultivation of cells with cisplatin alone (see VPA/cisplatin 
versus 0/cisplatin regimens in figure 14). These results demonstrate that VPA 
can potentiate the toxic effects of cisplatin only if UKF-NB-4 cells are primarily 










Table 5: Combination regimens used for treatment of UKF-NB-4 cells with VPA and 
cisplatin.a 
 
Designation 0-24 h 24-72 h 
Control  Medium Fresh medium 
Cisplatin/cisplatin 20 μM cisplatin 20 μM cisplatin 
0/cisplatin  medium 1 mM VPA 
Cisplatin/0 20 μM cisplatin Fresh medium 
Cisplatin/VPA 20 μM cisplatin 1 mM VPA 
VPA/0 1 mM VPA Fresh medium 
0/cisplatin  medium 20 μM cisplatin 
VPA/cisplatin 1 mM VPA 20 μM cisplatin 







Figure 14: Apoptosis induction in UKF-NB-4 cells by 1 mM VPA, 4 μM cisplatin 
and their various combinations. Control, cells treated with a medium without any 
drug. Experimental conditions for combined treatment of cells are described in Table I. 
Mean and SD from three independent experiments is shown. **P<0.01, a significant 
decrease in viable cells caused by their pretreatment with cisplatin before incubation 









3.2.3 VPA synergizes cytotoxicity of etoposide on UKF-NB-4 human 
neuroblastoma cells. 
The effect of combined treatment of UKF-NB-4 neuroblastoma cells with VPA and 
etoposide was also investigated. Treatment of these cells with 8 μM etoposide and 
in combination with 1 mM VPA resulted in induction of apoptosis (Figure 10E and 
10F). Treatment of UKF-NB-4 cells with etoposide for 48 h induced a decrease in 
the percentage of viable cells to 76.2% (shown in a lower-left panel in figure 10E) 
with a concomitant increase in percentage of early apoptotic cells, to 12.0% 
(shown in a lower-right, panel in figure 10E) and late apoptotic cells, to 10.9% 
(shown in an upper-right panel in figure 10E). Analogously to exposure of the 
tested NB cells to cisplatin combined with VPA, a 1.7-fold decrease in cell viability 
(expressed as percentage of Annexin V-/PI- cells) was generated in these cells by 
their exposure to VPA combined with etoposide as compared to their exposure to 
etoposide alone (Figure 10E and 10F). This decrease in viability was parallel with 
an increase in amounts of early apoptotic cells, to 17.9%, and predominantly late 
apoptotic cells, to 35.8% (Figure 10F). These data indicate that VPA also 
potentiate the cytotoxic effect of the second tested DNA-damaging drug, 
etoposide, to induce apoptosis in UKF-NB-4 cells. In addition, exposure of 
UKF-NB-4 cells to VPA simultaneously with etoposide increased an amount of 
cells expressing active caspase-3, by ≤1.7-times (Figure 15). These results 
indicate that apoptosis induced in NB cells by the effect of the combination of 
these drugs is mediated by caspase-3 activation. 
     It should be emphasized that the most effective treatment leading to the 
highest decrease in viability of NB cells was the combined exposure of cells to 
etoposide followed by their treatment with VPA (cells treated with 8 μM etoposide 
for 24 h and then with 1 mM VPA for 48 h) (Groh et al., 2012). Hence, this regimen 
analogous is similar to that found to be most efficient in treatment of cells with 
cisplatin combined with VPA. These results demonstrate that VPA can exhibit the 
potentiating effect only if UKF-NB-4 NB cells are primarily influenced either by 
cisplatin or by etoposide. Computation analysis was again used to estimate 




whether activities of VPA with etoposide are synergistic. The value of CoI for the 
simultaneous effect of 8 μM etoposide and 1 mM VPA equals 0.52 that 
corresponds to a synergism of these drugs. On the other hand, combination of 
etoposide with non-toxic concentration of TSA (40 nM) did not influence its 




Figure 15: The percentage of UKF-NB-4 cells with active caspase-3 when treated with 
1 mM VPA, 8 μM etoposide or their combination for 48 h. Mean and SD from three 
independent experiments is shown. **P<0.01, a significant increase in percentage of cells 
with active caspase-3 treated with etoposide combined with VPA, as compared to cells 
incubated with etoposide alone (Student's t-test)  
 
3.3 VPA does not potentiate cytotoxicity of a mitotic inhibitor 
vincristine on UKF-NB-4 cells.  
In further experiments, the influence of VPA and TSA on cytotoxicity of vincristine, 
the anticancer drug acting by a mechanism not based on DNA damage, was 
investigated. Vincristine is known to induce cell death in tumor cells including 
NB by inhibiting the assembly of microtubule structures and disrupting mitosis 
in the metaphase (Jordan and Wilson, 2004). As shown in figure 10, treatment 




of UKF-NB-4 neuroblastoma cells with 20 nM vincristine led to induction of 
apoptosis in these cells. The Annexin V-FITC/PI double staining assay indicated 
that treatment of UKF-NB-4 cells with vincristine for 48 h induced a decrease in 
the percentage of viable cells to 72.3% (as shown in a lower-left panel in figure 
10G), with a concomitant increase in percentage of early apoptotic cells to 13.6% 
(as shown in a lower-right panel in figure 10G), and late apoptotic cells to 12.5% 
(as shown in an upper-right panel in figure 10G). These results confirm that 
vincristine is an efficient drug that can induce apoptosis in UKF-NB-4 cells. 
However, neither VPA nor TSA (data not shown) potentiated the effect of 
vincristine on induction of apoptosis (Figure 10H). Likewise, in the case of 
measuring the activation of caspase-3 in the tested cells treated with vincristine 
simultaneously with VPA, no increase in caspase-3 activation was detected 
(Figure 16). These findings demonstrate that the sensitizing effect of VPA on the 
tested cells is produced only when they are affected by the DNA-damaging drugs 




Figure 16: The percentage of UKF-NB-4 cells with active caspase-3 when treated with 
1 mM VPA, 20 nM vincristine and their combination for 48 h. Mean and SD from 
three independent experiments are shown. 
 




3.4 Effect of VPA in potentiating the potency of DNA-damaging 
drugs is related to its influence on acetylation of histones  
Acetylation of histones is an important epigenetic phenomenon that is dictated by 
HDAC activities. Therefore, here we investigated the changes in acetylation of 
core histones H3 and H4 in UKF-NB-4 cells treated with VPA and TSA, as well as 
with VPM. 
3.4.1 Treatment of UKF-NB-4 cells with valpromide has no effect on 
cisplatin cytotoxicity. 
In additional experiments, we investigated cytotoxicity of valpromide (VPM) on 
UKF-NB-4 NB cells. VPM is a derivative of VPA which is also used as an 
antiepileptic drug, but does not exhibit HDAC inhibition activity (Phiel et al., 2001). 
We evaluated the effect of this drug on induction of apoptosis (measured by 
Annexin V/PI labeling) in these cells. Treatment of UKF-NB-4 cells with different 
concentrations of VPM (up to 4 mM) did not induce apoptosis in these cells and 
this non-toxic concentration of VPM did not potentiate apoptosis induced by 20 μM 
cisplatin (data not shown). When activation of caspase-3 in cells treated with VPM 
together with cisplatin was determined, no increase in the potency of cisplatin to 
activate caspase-3 by VPM was found (Figure 17). Exposure of UKF-NB-4 cells to 
20 μM cisplatin combined with simultaneous treatment with 4 mM VPM does not 
increase amounts of cells with active caspase-3. These results indicate that the 
sensitizing effect of VPA on cisplatin toxicity in UKF-NB-4 NB cells is related to its 
HDAC inhibition activity. 
3.4.2 Acetylation status of histones H3 and H4 in UKF-NB-4 cells 
treated with VPA, VPM, TSA, cisplatin, etoposide, and 
cytostatics combined with VPA 
Cultivation of UKF-NB-4 cells with VPA and TSA at their non-toxic concentrations led 
to the different effects on acetylation of histones H3 and H4. Whereas 1 mM VPA 
increases acetylation of these histones in UKF-NB-4 cells, confirming its HDAC 
inhibitory efficiency, a negligible effect of 40 or 50 nM TSA on acetylation of these 




histones was found (Figure 18). Therefore, TSA in such concentrations (40 or 50 nM) 
are insufficient to inhibit HDAC activities in UKF-NB-4 cells. However, when these 
cells were cultivated in a medium containing a higher (toxic) concentration of TSA 
(150 nM), a pronounced increase in acetylation of histones H3 and H4 was detected. 
In our experiments, we were not able to use this high concentration of TSA in 
combination with cytostatics due to its high cytotoxicity. In contrast to these results, no 
increase in acetylation of these histones was caused by VPM (Figure 18). This 
confirms the absence of HDAC inhibitory effects of this derivative of VPA.  
 
 
Figure 17: The percentage of UKF-NB-4 cells with active caspase-3 when treated with 
4 mM VPM, 20 μM cisplatin and their combination for 48 hrs. Mean and SD from 




Figure 18: Western blot analysis of acetylated histones H3 and H4 in extracts from 
cells treated with 1 mM VPA, 4 mM VPM, 40, 50 and 150 nM TSA for 8 h. Histone 
H3 was used as loading control. 




In addition, when UKF-NB-4 cells were treated with cisplatin or etoposide, a low 
decrease in acetylation of histone H3 and essentially no effect on acetylation of 
histone H4 were found (Figure 19). 
     In further experiments, two combination treatment regimens of the cells with VPA 
and cisplatin or VPA with etoposide were used to investigate the effects of 
combined treatment on the histones H3 and H4 acetylation status. Only the 
regimen, where UKF-NB-4 cells were pretreated with cisplatin or etoposide and 
then treated with VPA produced an increase in acetylation of histones H3 and H4 
(Figure 19). This increase in histone acetylation paralleled the potentiation of toxic 
effects of cisplatin (Figure 14) or etoposide (Groh et al., 2012). Therefore, only if 
UKF-NB-4 cells were primarily affected by the tested DNA-damaging drugs prior to 
cultivation with VPA, a pronounced increase of histones acetylation can occur 
(Figure 19) and thus potentiated the cytotoxicity of both DNA-damaging drugs on 




Figure 19. Levels of acetylated histones H3 and H4 in extracts from cells treated with 
20 μM cisplatin and 8 μM etoposide, and these drugs combined with 1 mM VPA 








3.4.3 VPA does not influence etoposide-mediated phosphorylation of 
histone H2AX. 
Etoposide is known to be the DNA-damaging drug acts as an inhibitor of 
topoisomerase-II activity, beside its intercalation into DNA, which enhance the 
formation of double-strand breaks in DNA (Baldwin and Osheroff, 2005; Hande, 
1998; Wozniak and Ross, 1983). Phosphorylation of histone H2A on serine 139, 
termed γH2AX (pH2AX), by kinases sensing the double-strand DNA break is a 
sensitive marker of this type of DNA damage (Mah et al., 2010; Nakamura et al., 
2010; Sokolov et al., 2007). Therefore, the levels of pH2AX were determined to 
determine whether treatment of cells with etoposide is influenced by VPA. After 
48 h cultivation of cells in a medium containing 1 mM VPA, 4 μM etoposide and 
their combination, the levels of pH2AX were examined by flow cytometry. 
Representative histograms of pH2AX fluorescence found in these experiments are 
shown in figure 20. Whereas essentially no increase in pH2AX was induced by 
VPA (Figure 20B), a pronounced enhancement in pH2AX was caused by cell 
exposure to etoposide (Figure 20C). Co-cultivation of UKF-NB-4 cells with 
etoposide and VPA (Figure 20D) did not induce further enhancement of the 
percentage of pH2AX-positive cells as compared with cultivation of UKF-NB-4 




Figure 20: The effects of 1 mM VPA 
(B), 4 μM etoposide (C) or their 
combination (D) on generation of 
pH2AX in UKF-NB-4 cells treated 
with these drugs for 48 h. (A) Control 
cells that were incubated without any 
drug. Representative histogram of 
pH2AX fluorescence as a marker of 










3.5 CD133 expression is influenced by epigenetic modifiers in 
neuroblastoma  
In this part of our work, we investigated the relation of epigenetic changes (histone 
acetylation and promoter methylation) on the expression of the stem cell marker 
CD133 in the tested NB cell lines. VPA was the main drug we used to induce 
acetylation in the core histones and then we detected the subsequent changes in 
the CD133 expression. We also examined the methylation state of CD133 
promoters in all tested cell lines and its relation to CD133 expression. We applied 
the demethylating agent AZA to cell lines with highly methylated CD133 promoters 
and detected its effect on CD133 re-expression. 
3.5.1 Effect of VPA on the expression of CD133  
VPA increased the expression of CD133 protein as detected by western blot 
(Figure 21) and the number of CD133+ cells detected by flow cytometry 
(Figure 22). The increase of CD133 expression was only seen in UKF-NB-3 and 
SH-SY5Y (Figure 21A and figure 22), while CD133 protein was not detected in 




Figure 21: Changes of CD133 protein expression after cultivation with 1mM VPA in 
UKF-NB-3, SH-SY5Y and UKF-NB-4 by western blot. (A) VPA increased CD133 
protein expression in UKF-NB-3 and SH-SY5Y in different time intervals. (B) CD133 
protein was undetected in UKF-NB-4 cell line whether in the control or after cultivation 
with VPA in different periods of time. Positive control- UKF-NB-3 cells treated with 
VPA. 
 




The induction of CD133 protein by VPA was obvious during the first 24 hrs of 
cultivation and was gradually increasing over time (Figure 21A). Noticeably, 
CD133 protein was consistently higher in VPA supplemented cultures than in 
control. Over-expression of CD133 protein following VPA treatment was 
accompanied by a parallel rise in the CD133 mRNA (Figure 23) as demonstrated 
in our article (Khalil et al., 2012). Note that the small amount of apoptosis induced 
by 1 mM VPA at 72 hrs (Table 4) excludes that CD133+ cells were increased as a 
relative result of the reduction of CD133− cells (as we suggest that CD133− cells 




Figure 22: Cytometric measurements of CD133− and CD133+ in control cells 
and after cultivation with 1mM VPA for 72 hrs in UKF-NB-3 and SH-SY5Y. 
VPA increased the number of CD133+ cells in both cell lines. Blue—isotype control 
(IgG2b-PE); red—CD133 expression was detected using 293C3-PE (CD133/2) 
antibody.  
 






Figure 23: Cytometric measurements of CD133 surface antigen and its 
relation to mRNA expression in UKF-NB-3 cells after cultivation with 1 mM 
VPA. Upper graph represents CD133 measurements by flow cytometry (surface 
expression) – lower graph represents the mRNA values  of CD133 detected by 
RT-PCR. mRNA was collected from the same cells as measured by flow cytometry 
in the upper graph. Black curve – incubation with VPA; grey curve – controls 
without VPA. Typical results of one of the four experiments. 
 
3.5.2 Methylation status of CD133 promoter P1 and P3 
Methylation level of CD133 promoters P1 and P3 was assessed using 
MS-HRM analysis (Figure 24). The methylation status of these promoters 
correlated with CD133 protein expression in all tested cell lines. For 
instance, cell lines with highly methylated promoters (UKF-NB-4 and 
IMR-32) did not express CD133 protein, while those with low methylation 
(UKF-NB-3 and SH-SY5Y) expressed CD133 as detected by western blot 
and flow cytometry (Figure 21 and figure 22). 






Figure 24: Normalized melt curves showing methylation status of promoters 
P1 and P3 in examined cell lines. In UKF-NB-3, methylation of both promoters 
were ranged from 0% to 10%, in SH-SY5Y (P1, > 90% and P3, 0%), in UKF-NB-4 
(P1, 90% and P3, 100%) and in IMR-32 (P1, 100% and P3, 100%). 
 
 
3.5.3 Effect of AZA and VPA on expression of CD133 in 
neuroblastoma cell lines 
To assess whether CD133 expression was silenced by methylation, cell 
lines that showed no expression of CD133, even after incubation with VPA 
(UKF-NB-4 and IMR-32), were treated with the demethylating agent AZA. 
We found that CD133 protein was restored again in a small amount after 
AZA treatment and in a larger amount when AZA was combined with VPA 
(Figure 25). The re-expression of CD133 was associated with a drop in 
promoters P1 and P3 methylation levels (Figure 25). The increase of CD133 
expression after VPA did not seem to coincide with changes in CD133 
promoter methylation. 
 






Figure 25: Normalized melt curves showing methylation status of promoters 
P1 and P3 in UKF-NB-4 and IMR-32 before and after using AZA and in 
combination with VPA. Western blot is showing the effect of 1mM VPA and 
AZA on CD133 expression in methylated cell lines.  (A) Treatment with AZA 
decreased the methylation of both promoters P1 and P3 in UKF-NB-4 (P1 from 
90% to 25% and P3 from 100%.to 35%) and IMR-32 (P1 from 100% to 25% and 
P3 from 100%.to < 35%) (B) CD133 was not detected in cell lines with 
methylated promoters (UKF-NB-4, IMR-32). Re-expression of CD133 was seen in 
a small amount after applying AZA and in high amount when AZA was combined 
with VPA. Treatment with VPA alone did not induce CD133 protein in UKF-NB-4 
and IMR-32. 
 




3.6 Relation of CD133 expression and acetylation of histones 
H3 and H4 
We tested the cell line of unmethylated CD133 promoters (UKF-NB-3) in various 
conditions that variably affect the acetylation of histones H3 and H4 and we 
detected the changes in CD133 expression in each condition as follow 
3.6.1 Effect of various histone deacetylase inhibitors on expression 
of CD133 
We noticed that changes of CD133 protein expression were accompanied by 
parallel changes in histones H3 and H4 acetylation levels in all our experiments. 
We analyzed the expression of CD133 in UKF-NB-3 after 72 hrs incubation with 
different classes of HDAC inhibitors. Our results revealed that induction of CD133 
by SAHA (0.5 μM), MS-275 (0.5 μM) and TSA (50 nM) or a lower dose of VPA 
(0.5 mM) correlated with the changes in H3 and H4 acetylation. For example, the 
maximum acetylation we noticed was induced by entinostat and was associated 
with highest expression of CD133. Similarly, the low dose of TSA that we tested 
did not seem to affect the acetylation of histones H3 and H4 and was not 
associated with increased expression of CD133 (Figure 26).  
 
 
Figure 26: Changes of CD133 expression and histones H3 and H4 acetylation in 
UKF-NB-3 after cultivation with different classes of HDAC inhibitors. CD133 
expression correlated with the changes of histones H3 and H4 acetylation when cultured 
with different HDAC inhibitors. 




3.6.2 Effect of VPM on expression of CD133 
Treatment of the UKF-NB-3 cells with different concentrations of VPM (1 mM, 
2 mM and 3 mM) for 72 hrs showed no effect on the expression of CD133 as 
well as on the acetylation status of histones H3 and H4 at any of the tested 
concentrations (Figure 27). These concentrations were not cytotoxic and did 
not induce cell cycle arrest (data not shown). Of note, VPM is a carboxamide 
derivative of VPA which is used as antiepileptic drug but it does not inhibit 




Figure 27: Changes of CD133 expression and histones H3 and H4 acetylation in 
UKF-NB-3 after cultivation with valpromide, VPM failed to influence CD133 
expression and the histone acetylation after cultivation with non-toxic doses for 72 hrs. 
 
3.6.3 Effect of high dose of cytostatics on CD133 expression 
Furthermore, treatment for 24 hrs with high doses of CDDP (40 μM , 
IC50/24 hrs = 11.12 μM ± 1.93) or VCR (200 nM, a dose that did not show 
cytotoxicity by MTT test within the first 24 hrs) was associated with low 
acetylation of histones H3 and H4 as well as a down-regulation of CD133 
(Figure 28). 
 






Figure 28: Changes of CD133 expression and histones H3 and H4 acetylation in 
UKF-NB-3 after cultivation with high doses of cytostatics. CD133 expression 
correlated with the changes of histones H3 and H4 acetylation when cultured with 
high doses of CDDP or VCR and in combination with VPA for 24 hrs. 
 
3.7 Features of CD133+ neuroblastoma  cells and cell lines 
treated with VPA  
We determined the chemo-resistance of CD133+ and CD133− populations and 
their location along the cell cycle phases by co-staining cells with CD133 and 
cleaved caspase-3 or DAPI. 
3.7.1 CD133+ cells are resistant to chemotherapeutic agents  
We detected the cleaved caspase-3 in CD133+ and CD133− populations in 
UKF-NB-3 cell line after incubation with 1 μM CDDP (IC50 /72 hrs = 0.97 μM ± 
0.10), 0.20 nM VCR (IC50 /72 hrs = 0.22 nM ± 0.03) and in combination with 1 mM 
VPA for 72 hrs. The percentage of cleaved caspase-3 was significantly higher in 
CD133− compared to CD133+ cells whether cells were cultured with cytostatics 
alone or in combination with VPA (Figure 29). 





Figure 29: Activated caspase-3 in CD133– versus CD133+ populations after treatment with 
VPA combined therapy for 72 hrs. Activated caspase-3 was higher in CD133− cells compared to 
CD133+ cells; blue dots represent the CD133 negative cells and red dots represent CD133 positive 
cells. The lower graph shows that mean percentage of cells with cleaved caspase-3 was significantly 
higher in CD133− than in CD133+ cells in all tested samples.*p < 0.05— paired t-test. 




3.7.1.1 Neuroblastoma cell lines rich in CD133 protein are expressing 
higher phosphorylated Akt 
We compared the p-Akt (Ser 473) in two N-type NB cell lines, UKF-NB-3 which 
expressed high level of CD133 protein and IMR-32 which contained highly 
methylated CD133 promoters and did not express CD133 protein. The association 
of CD133 and Akt activation was tested through detection of p-Akt in different 
conditions that markedly influence the CD133 expression such as treatment with 
1mM of VPA, with high dose of VCR (200mM) and their combination for 24 hrs. 
Our results clearly demonstrated a higher basal level of p-Akt in UKF-NB-3 than in 
IMR-32 where neither the CD133 nor the p-Akt was detected. The changes of 
p-Akt in UKF-NB-3 correlated with the changes of CD133 under all examined 
conditions (Figure 30).  
     Moreover, treatment with 1 mM VPA for 72 hrs enhanced the expression of p-Akt 
significantly in UKF-NB-3 while its expression was not detected in UKF-NB-4 or 
mildly increased in IMR-32 (both cell lines that did not express CD133). The level of 
p-Akt in SH-SY5Y was extremely high whether in control or in cells treated with VPA 




Figure 30: Expression of CD133 and p-Akt, in NB cell lines after treatment with1mM 
VPA.  Changes of p-Akt in UKF-NB-3 correlated with the changes of CD133 under all 
examined conditions (1mM VPA or 200nM VCR for 24 hrs). Positive control- UKF-NB-3 
cells treated with 1mM VPA for 24 hrs 




3.7.2 CD133+ neuroblastoma cells are mainly located in the proliferative 
phases 
Our results showed that CD133+ cells either in UKF-NB-3 or SH-SY5Y were 
mainly located in the S and G2/M phases compared to CD133− cells which were 
predominantly seated in the G0/G1 phases whether in control or in samples 
incubated with 1mM VPA for 72 hrs (Figure 31). This indicates that CD133+ cells 
represent a proliferating fraction even under the cell cycle inhibitory effect of VPA. 
CD133+ cells were also induced by VPA combined therapy and were 
predominantly located in the S/G2M phases during treatment with 1 μM CDDP or 
0.20 nM VCR and in combination with 1mM VPA for 72 hrs (Figure 32). 
 
Figure 31: Cytometric assessment of CD133− and CD133+ cell cycles in control cells 
and after cultivation with 1 mM VPA for 72 hrs. CD133+ cells were mainly located in 
the S and G2/M phases, while CD133− were mainly present in the G0/G1 phases in both cell 
lines UKF-NB-3 and SH-SY5Y. Blue— represents CD133 negative cells; red—represents 
CD133 positive cells; and grey represents both populations. 






Figure 32: Changes of CD133 expression and cell cycle in VPA combined with 
different cytostatics at 72 hrs. (A) Increased CD133+ cells in VPA combined with 
vincristine and cisplatin. Blue—isotype control (IgG2b-PE); red—CD133 expression 
detected by 239C3 (CD133/2) antibodies. (B) CD133+ cells were mainly located in the S 
and G2/M phases, while CD133− were mainly present in the G0/G1 phases during 
treatment with vincristine or cisplatin in combination with VPA. 
 
3.7.3 VPA pretreated cells acquired higher colony formation capacity 
UKF-NB-3 cells pretreated with VPA for 72 hrs showed significantly higher colony 
forming capacity compared to control, while the IMR-32 cell line which lacks for 
CD133 had fewer colonies than control (Figure 33). There was no significant 




difference in the clonogenicity either in SH-SY5Y (Kovalevich and Langford, 2013) 




Figure 33: Effect of 1mM VPA on clonogenicity in NB cell lines. (A) Pretreatment with 
VPA significantly increased the clonogenicity in UKF-NB-3, while it decreased in IMR-
32. In S-type NB (UKF-NB-4, SH-SY5Y) clonogenicity was not affected by pretreatment 
with VPA. VPA- cells pretreated with 1mM VPA for 72 hrs.  
 
3.7.4 VPA pretreated cells acquired higher neurosphere formation 
capacity 
Since sphere forming capacity is an indicator of the self-renewal activity of CSCs 
in vitro, we examined the effect of 72 hrs pretreatment with 1mM VPA on the 
frequency of neurospheres formation. UKF-NB-4 and SH-SY5Y cells maintained in 




SFM were strictly adherent to the culture surface, forming monolayer, spreading 
without neurosphere formation. UKF-NB-3 and IMR-32 grown in SFM consistently 
formed organized neurospheres. UKF-NB-3 cells pretreated with VPA showed 
significantly higher capacity for neurospheres formation than control cells. IMR-32 
pretreated with VPA showed slight increase in the neurospheres formation that 




Figure 34: Effect of 1mM VPA on neurosphere formation in NB cell lines. Both 
UKF-NB-3 and IMR-32 were able to form neurospheres in SFM. Pretreatment with 
1mM VPA increased the number of formed neurospheres with high statistical 
significance in UKF-NB-3. 
 
3.7.5 VPA induced pluripotent transcriptional factors Oct4 and Sox2 
in cell lines expressing CD133 
We have examined the expression of stem cell transcription factors Oct4, Sox2 
and Nanog in NB cell lines by western blot. We found that Oct4 is highly 
expressed in MYCN amplified cell lines UKF-NB-3, UKF-NB-4 (Poljaková et al., 
2014) and IMR-32 (Veas-Perez de Tudela et al., 2010) and to a lesser extent in 
MYCN non-amplified cell line SH-SY5Y (Veas-Perez de Tudela et al., 2010). 
Treatment with VPA obviously enhanced the protein expression of Oct4 in 




UKF-NB-3, IMR-32 and SH-SY5Y (Figure 35). On the other hand, Sox2 has 
been extensively expressed in SH-SY5Y and its low expression in UKF-NB-3 
was enhanced by VPA treatment. Nanog was detected in low amount in  
UKF-NB-3, IMR-32 and SH-SY5Y that was enhanced by VPA treatment while it 
was overexpressed in UKF-NB-4 either in the control or VPA treated samples 
(Figure 35). Collectively, VPA enhanced the expression of stemness related 
markers (Oct4, Sox2 and Nanog) in variable amounts in NB cell lines 




Figure 35: Expression of CD133, p-Akt, Oct4, Nanog and Sox2 in NB cell lines 
after treatment with 1 mM VPA. 72 hrs cultivation with VPA induced CD133 
overexpression only in UKF-NB-3 and SH-SY5Y cell lines. p-Akt was highly 
expressed in CD133-expressing cell lines. Phophorylation of Akt was increased 
with VPA treatment in UKF-NB-3, whereas its expression was extremely high in 
SH-SY5Y whether in the control or in VPA treated sample. Oct4 was mainly 
expressed in MYCN amplified cell lines (UKF-NB-3, IMR-32 and UKF-NB-4) and 
was enhanced after treatment with VPA in UKF-NB-3, IMR-32 and SH-SY5Y. 
Nanog expression was detected in low amount that was enhanced by VPA in 
UKF-NB-3, IMR-32 and SH-SY5Y, while it was highly expressed in UKF-NB-4. 
Sox2 was slightly expressed in UKF-NB-3 and was induced by VPA while it was 








3.8 Distribution of the CD133 in the cell 
Notably, we found that the location of CD133 protein was not only restricted to the 
cell membrane but was also retained intracellularly as revealed by confocal 
microscope (Figure 36B) and by cytometric measurements of intracellular CD133 
expression after permeabilization of cell membrane (Figure 37). The intracellular 
positivity was increased significantly after treatment with 1 mM VPA (Figure 36B 
and Figure 37). This implies that CD133− cells detected by flow cytometry might 
express CD133 intracellularly after incubation with VPA. During performing 
cytometric measurements, we ensured the selection of high positive CD133 cells 
which harbor the numerous surface CD133 molecules (we did not target the 
intracellular CD133) to run out the experiments concerning the chemoresistance 
and cell cycle of CD133+ population. The aid to achieve this selection was done 
by using the anti-Mouse IgG2b antibodies linked to phycoerythrin that was used as 
negative control to exclude the non-specific binding during the measurements. On 
the other hand, we followed a strict protocol concerning the flow cytometric 
experiments that based on double staining of cells with surface anti-CD133/2 
antibody and the antibody that target the intracellular cleaved caspase-3 to only 
detect the surface CD133 and not the intracellular portion (Figure 29). In such 
experiments, we initially stained the cells with anti-CD133/2 antibody before 
permeabilization of cells, then fixing the cells with paraformaldehyde in a step that 
followed by wash then permeabilization of cells with gentle agent (diluted TritonX) 
prior to use anti cleaved caspase-3 antibody. 
 






Figure 36: Surface and intracellular immunostaining of CD133 after treatment 
with 1 mM VPA for 72hrs. (A), Surface staining of CD133 in UKF-NB-3 using anti 
human CD133/2 PE conjugated antibodies and visualized under fluorescence 
microscope Olympus AX70. White arrows refer to corresponding nuclei of the CD133 
positive cells that were counterstained with Hoechst 33342 dye. Left photo refers to 
control and the right photo refers to VPA treated sample (B), intracellular CD133 
staining with primary monoclonal anti-CD133 clone W6B3C1 and secondary 
antibodies goat anti-mouse DyLight 488 IgG. permeabilization of cells in two steps 
using paraformaldehyde 3.6% followed by a 0.25% TritonX / PBS. Nuclei were 
counterstained with DAPI. 






Figure 37: Comparison of the cytometric measurements of the surface and 
intracellular staining of CD133 in UKF-NB-3. CD133 was present on the surface as well 
as intracellularly either in the control or after treatment with VPA. VPA increased CD133 
surface expression significantly and enriched almost all cells with CD133 molecule 
intracellularly. Intracellular staining was performed through fixation and permeabilization 
of cells in two steps using paraformaldehyde 3.6% followed by a 0.15% TritonX / PBS. 


















The poor response of high-risk NB to current treatment regimens suggests that 
novel therapeutic strategies should be developed. The inhibitors of HDACs, used 
in the combination with other drugs, were found to be promising anticancer 
regimens efficient against several cancer cells including NBs (Cipro et al., 2012; 
Das et al., 2010; Groh et al., 2012; Kim et al., 2003; Poljakova et al., 2011; 
Stiborova et al., 2012; Wang et al., 2013). In this work, we analyzed the cytotoxic 
effect of VPA in combination with other chemotherapeutics and we also 
highlighted the possible limitations of using VPA in some types of tumors due to its 
effect on expansion of CSCs. The results found in this study demonstrate that 
VPA used at the clinically relevant dose (1 mM) has potentiating effect on 
cytotoxicity and caspase-3-mediated induction of apoptosis caused by the tested 
DNA-damaging drugs cisplatin and etoposide. Analyzing the combination index of 
VPA combined with cisplatin or etoposide was revealed to act synergistically. 
     However, no sensitizing effect due to VPA was produced with the mitotic 
inhibitor vincristine. These results indicate that HDAC inhibitor-mediated capability 
of increasing cytotoxic efficiency of anticancer drugs is connected with the drugs 
that target cellular DNA. These findings correspond to the results found in the 
study of dos Santos et al (dos Santos et al., 2009) that also investigated the effect 
of a combination of etoposide or vincristine with the HDAC inhibitor sodium 




butyrate (an HDAC inhibitor of the same group as VPA) on human lymphoblastic 
T-cells. The authors demonstrated that from these two drugs, only etoposide, but 
not vincristine, was sensitized by the used HDAC inhibitor. In their study, the 
sensitizing effect of the HDAC inhibitor on doxorubicin, another DNA-damaging 
drug, was also proved. 
     The mechanisms of the potentiating effects of HDAC inhibitors on the efficiency 
of DNA-damaging drugs have not yet been fully elucidated. It was suggested that 
HDAC inhibitors promote the lysine acetylation in nucleosomal histones that is 
thought to relax the chromatin, thereby allowing increased access of transcription 
factors and DNA-damaging agents to DNA (Kim et al., 2003; Stiborova et al., 
2012). In our study, the increased toxicity of cisplatin and etoposide was indeed 
dependent on the acetylation status of core histones H3 and H4 dictated by the 
effect of HDAC inhibitors. VPA increased amounts of acetylated histones H3 and 
H4 and the elevated levels of these acetylated histones correlated with 
sensitization of UKF-NB-4 cells to cisplatin and etoposide. TSA (another HDAC 
inhibitor) at a concentration that essentially did not influence the acetylation of 
these histones (40 nM) was ineffective. Likewise, VPM (a structural analogue of 
VPA) that does not increase acetylation of histones H3 and H4 as well did not 
enhance cytotoxicity of the tested DNA-damaging drugs in our study. It should be, 
however, emphasized that the sequence of VPA application is the crucial feature 
for potentiating the cytotoxic effect of cisplatin and etoposide on NB cells. Namely, 
this HDAC inhibitor potentiated the cytotoxic effect of cisplatin or etoposide only 
when there were added simultaneously, or when cells were pre-incubated with 
cisplatin or etoposide before their cultivation with VPA. Only these regimens were 
efficient to increase acetylation of histones and thus suppress the viability of NB 
cells. In contrast, the reversed sequence (pretreatment of cells with VPA before 
treatment with cisplatin or etoposide) did not give any further increase in 
cytotoxicity of the DNA-damaging drugs or in the acetylation of histones. All these 
findings suggest that DNA damage is crucial for the additional effects of VPA, 
arguing against the hypothesis based on relaxed chromatin that increases 
accessibility of DNA-damaging drugs to DNA (Kim et al., 2003; Stiborova et al., 




2012). Similarly, the results found by Luchenko et al (Luchenko et al., 2011) 
indicated that DNA relaxation is not required for the synergy of two HDAC 
inhibitors they tested, belinostat and romidepsin, with cisplatin and etoposide. One 
can speculate that the changes in the structure of DNA caused by cisplatin and 
etoposide (i.e., formation of DNA adducts or DNA cross-links by cisplatin, 
intercalation of etoposide into DNA, and/or formation of reactive oxygen species 
by both drugs (Kurz et al., 2001; Luchenko et al., 2011; Yu et al., 2007) ) increase 
accessibility of nucleosomal core histones to their acetylation, which additionally 
determines transcription of some genes involved in DNA repair or apoptosis. This 
suggestion needs, however, to be further investigated. 
     Despite the observed synergy of the combination where UKF-NB-4 cells were 
initially treated with etoposide before VPA in cell survival and apoptosis (Groh et 
al., 2012), we found no evidence for enhancement of etoposide-mediated H2AX 
phosphorylation when etoposide was combined with VPA. Double strand DNA 
breaks markedly increased in UKF-NB-4 cells treated with etoposide, but after 
simultaneous treatment of these cells with etoposide and VPA no further increase 
in the pH2AX foci formation was detected. This indicates that other mechanisms 
can be responsible for this synergistic effect of VPA on induction of cell death in 
UKF-NB-4 rather than enhancement of double-strand DNA breaks caused by 
etoposide (due to inhibition of topoisomerase-II activity) 
     One of the challenges in conducting a clinical trial when combining an inhibitor 
of HDACs VPA with DNA damaging agents will be to achieve optimal DNA 
damage in a given tumor tissue. The results found in the present study 
demonstrate that treatment of cells with VPA potentiates the cytotoxicity of DNA 
damaging agents, cisplatin and etoposide, on UKF-NB-4 cells without increasing 
their access to DNA. The data presented here show that treatment with cisplatin or 
etoposide prior to addition of VPA is superior to alternative schedules and 
supports the development of clinical trials using these combinations for NB cells. 
The clinical use of such combined treatment utilizing DNA damaging drugs with 
VPA can reduce frequent problems such as dose reductions, temporary 
discontinuation of treatment as a result of toxicity and thus can improve the 




treatment itself and the patient's quality of life. Another option is to test the effect 
of the HDAC inhibitors in combination with two cytostatics, because in clinical 
practice, cytotoxic drugs are combined in virtually all cases. 
     In the second section of this thesis, we studied the effect of VPA on expression 
of the stem cell marker “CD133” in NB cell lines. CD133 gene is complex in its 
structure with seven splice variants and its protein expression pattern is still 
debated. Several authors have shown that sorted CD133+ cells from different 
solid tumors displayed greater tumorigenicity and resistance to chemotherapeutic 
agents compared to CD133– cells. However, other researchers demonstrated that 
CD133– cells can display similar capacities as CD133+ (Meng et al., 2009; 
Shmelkov et al., 2008). The reason for this contradiction can be explained by 
some factors which regulate and alter CD133 expression such as the glycosylation 
pattern (Kemper et al., 2010), the change in the bioenergetic status (hypoxia and 
mitochondrial dysfunction) (Griguer et al., 2008) and more importantly is the 
conclusion that CD133 protein expression is not synonymous to cell surface 
epitopes immunoreactivity (Barrantes-Freer et al., 2015; Kemper et al., 2010). In 
our study, we found that CD133 molecule can be located intracellularly as well as 
on the cell membrane. Treatment with VPA increased the intracellular expression 
of CD133, unlike CD133 surface expression that was increased as well but still 
limited to smaller cellular subpopulation. For this reason, we performed the 
cytometric staining of CD133 before permeabilization of cell membrane to ensure 
that the detected CD133+ cells are those expressing CD133 epitope on cell 
membrane and not intracellularly. This remark is of great value when working with 
CD133 to ensure the precise detection of CD133+ cells. 
     In our article, we examined the epigenetic effects of the HDAC inhibitor VPA on 
the expression of CD133+ in NB and we gave overview about the variability of 
CD133 protein expression in relation to the acetylation of histones and methylation 
status of CD133 promoters. We used two antibodies that can identify different 
epitopes of the CD133 protein, W6B3C1 (CD133/1) that we used for 
immunoblotting and 293C3 (CD133/2) for flow cytometric analysis. Even though 
293C3 (CD133/2) antibody recognizes different epitope than AC133 (CD133/1) 




(the conventional antibody used to detect and isolate CSCs), it has shown similar 
sensitivity in detecting CD133+ cells (Kemper et al., 2010). Our results offer 
evidence for induction and maintenance of CD133+ cells in NB cell lines through 
inhibition of HDAC by VPA. We relate this effect to its action on increasing the 
acetylation of histones which leads to chromatin accessibility and consequent 
transcription of many genes including CD133. In contrast, valpromide 
(carboxamide derivative of VPA that does not inhibit HDAC) did not alter the 
histone acetylation and was not accompanied by any change in the expression of 
CD133. We noticed a positive correlation between CD133 expression and the 
acetylation of histones H3 and H4 in all our experiments. A lower dose of VPA that 
was used in clinical trials (Wheler et al., 2014) as well as different classes of 
HDAC inhibitors increased the expression of CD133 in variable degrees that were 
in positive correlation with the amount of H3 and H4 acetylation. This suggests the 
concomitant relation between CD133 expression and acetylation of histones H3 
and H4 induced by HDAC inhibitors. Interestingly, we noticed down-regulation of 
CD133 when treated with high doses of VCR or CDDP, which should not be 
interpreted to mean that CD133 permanently disappeared, because the same 
cells were able to significantly express CD133 when combined with VPA. This 
variability in CD133 expression is under control of the epigenetic modification 
which could explain why sorted CD133− cells can acquire the CD133 surface 
marker or CD133+ cells can lose it in some tumors as was described by Feng JM 
(Feng et al., 2012) 
     We also showed that CD133 could be controlled by methylation of its CpG 
promoters that can silence the expression of CD133 protein. In our study, CD133 
was dramatically increased after using VPA in cell lines with unmethylated P1 
and/or P3 promoters (UKF-NB-3 and SH-SY5Y). On the other hand, cell lines with 
methylated P1 and/or P3 promoters (UKF-NB-4 and IMR-32) failed to show any 
increase in CD133 after VPA treatment. CD133 expression in those lines was only 
restored by demethylating agent AZA and can be enhanced if the demethylation is 
followed by increasing histone acetylation by VPA. Thus, our work is in agreement 




with Shmelkov et al., who stated that promoter methylation may play a key role in 
CD133 regulation (Shmelkov et al., 2004). 
     In our study, VPA induced both CD133 mRNA transcription and CD133 protein 
expression that was reflected on the increase of CD133+ cells as detected by flow 
cytometry (Khalil et al., 2012). The point to highlight here is that VPA had the 
potential to turn cells that were detected as CD133− using flow cytometry into 
CD133+. This led us to suggest two possibilities: first, VPA could maintain the 
CD133+ cells undifferentiated which explain the consistent expression of surface 
CD133 epitopes in VPA treated samples. Second, CD133− cells were able to 
synthesize CD133 protein and express it in accessible pattern on cell surface, thus 
acquire the characters of CD133+ cells. 
     This action of VPA can be related to the effect of HDAC inhibitors in cell 
reprogramming and induction of pluripotent cells (Kretsovali et al., 2012). In fact, 
we detected variable expression of pluripotent transcriptional factors Oct4, Sox2 
and Nanog in CD133 expressing cell lines and they were obviously induced by 
VPA treatment. Although Oct4 and Nanog were also expressed in NBs lines with 
MYCN amplification such as IMR-32 and UKF-NB-4, these cell lines did not show 
evidence of Sox2 protein expression which was only detected in CD133 
expressing cell lines. A previous reports have demonstrated that Oct4 and Sox2 
orchestrate together to maintain the self-renewal and pluripotency of embryonic 
and neural stem cells (Rizzino, 2009). However, Oct4 alone is considered as a 
master pluripotency gene and is expressed in side-population cells of NB 
(Hämmerle et al., 2013). Knockdown of Oct4 inhibited the formation of spheres 
and the CD133 expression in MYCN-amplified human NBs cells (Kaneko et al., 
2015). Additionally, high expression of Oct4 was correlated with poor prognosis 
especially in patients with MYCN-amplified NBs (Kaneko et al., 2015). Based on 
previous remarks, combined induction of these transcription factors together with 
CD133 expression after VPA treatment in MYCN amplified cell line (UKF-NB-3) 
might suggest induction of pluripotency. According to previously mentioned 
results, it was necessary to perform further experiments to assess the self-renewal 
and chemoresistance of VPA treated UKF-NB-3 cells.  




     Human NB cells occur in three different subtypes, S-type, N-type, and I-type, 
each with distinct morphology and behavior. S-type cells resemble glial precursor 
cells, which are highly substrate adherent, and are non-invasive. N-type cells have 
a neuronal morphology, and are less substrate adherent, but highly invasive (Ross 
et al., 2003). In our study, pretreatment with VPA significantly enhanced colony 
formation capacity in the N-type NB cell line UKF-NB-3 but not IMR-32, which 
lacks the CD133 protein. There was no difference in colony formation regarding 
the S-type NB cells. We suggest that pretreatment with a low dose of VPA can 
enhance colony formation capacity of susceptible tumors, which may be related to 
the increase in CD133+ cells. Additionally, it has been reported the role of CD133 
in cell adhesion (Koyama-Nasu et al., 2013) which greatly can affect the colony 
formation in N-type with low attachment characters rather than the S-type with 
high attachment ability. Therefore, we examined the capacity of neurospheres 
formation which can be more reliable test for the self-renewal activity in vitro. We 
found that VPA significantly increased the number of formed neurospheres in 
UKF-NB-3 but not in IMR-32, whereas the S-type NBs consistently formed 
adherent colonies. 
     We used the cytometry to examine the cell cycle and apoptosis-sensitive cells 
within the pool of the cultured cells. We demonstrated that CD133+ cells are 
mainly present in the S/ G2M phases, while CD133− cells largely reside in G0/G1 
either in the control or in samples treated with VPA or cytostatics which agree with 
other published results (Barrantes-Freer et al., 2015). Regarding the cell cycle of 
stem cells, it is widely accepted that they are generally dormant in vivo and they 
tend to proliferate to regenerate tissue loss (Wakao et al., 2012). Similarly, cell 
lines growing in exponential phase seem to be a model of this regeneration (Tirino 
et al., 2008) . In particular, evidence suggests that CSCs may arise from normal 
stem cells, progenitor cells or more differentiated cells with dysregulated 
proliferation (Han et al., 2013). These remarks can explain high proliferation 
capacities of CD133+ cells which match with our findings and emphasis that 
CD133+ cells form a characteristic population in tumor. Previous results clarified 
that CD133 mRNA knockdown in highly expressing CD133 NB cells effectively 




resulted in significant growth retardation in adherent cell cultures (Kamijo, 2012). 
Moreover, CD133 was considered as a marker for specific stages of the cell cycle 
(S, G2 or M) in CSCs (Sun et al., 2009). Altogether, we suggest that CD133+ cells 
can represent a significant proliferative fraction in NB cell lines. 
     Caspase-3 is the effector caspase that cleaves some cellular proteins including 
caspase-activated DNAase, which causes DNA fragmentation that is characteristic 
for apoptosis (O’Donovan et al., 2003). Therefore, low level of cleaved caspase-3 
detected in CD133+ compared to CD133− cells in UKF-NB-3 cell line when treated 
with VPA and cytostatics, indicates resistance to apoptosis. This is in agreement with 
published result showing lower sensitivity of sorted CD133+ NB cells to cisplatin, 
carboplatin, etoposide, and doxorubicin compared to CD133− cells (Vangipuram et 
al., 2010). Interestingly, we detected a high level of p-Akt (active form) in UKF-NB-3 
and SH-SY5Y in contrast to IMR-32 which lacks for CD133 protein and showed low 
level of activated Akt. The level of activated Akt in UKF-NB-3 was enhanced by VPA 
therapy and repressed by high dose of VCR that goes along with the changes in the 
CD133 expression in both conditions. The level of p-Akt in SH-SY5Y was extremely 
high and did not show higher expression when treated with VPA. Our results is 
supported by previous studies reported the association between the expression of 
CD133 in different cancers and activation of Akt pathway (Ma etal., 2008; Wei et al., 
2013). Wei et al., revealed that the phosphorylated Y828 residue in CD133 
cytoplasmic tail binds to PI3K regulatory subunit p85 which results in the activation of 
PI3K/Akt pathway, subsequently promoting the self-renewal and tumor formation of 
glioma stem cells. They also explained that CD133 is phosphorylated on cytoplasmic 
Y828 by Src family kinases (nonreceptor tyrosine kinases that are activated rapidly 
on the engagement of multiple cell surface receptors) (Boivin et al., 2009). The 
activation of Akt is proposed to trigger pro-survival signaling via Akt mediated cell 
cycle arrest and anti-apoptotic mechanisms leading to chemotherapeutic resistance 
(Ellis et al., 2013). Altogether, we supposed that cancer cells expressing CD133 may 
get benefits from activation of Akt signaling during VPA therapy such as resisting 











In conclusion, we found that addition of VPA to cancer chemotherapeutics 
could synergize the cytotoxicity of DNA-damaging chemotherapeutics 
effectively in UKF-NB4 cells. This synergism was related to increase the 
acetylation status of histones H3 and H4 and was significant either by 
simultaneous treatment with both drugs or by pretreatment of cells with DNA-
damaging chemotherapeutics before their exposure to VPA. 
     On the other hand, we found that CD133 expression in NB can be regulated by 
histones acetylation and/or methylation of its CpG promoters. Thus, we showed 
that the HDAC inhibitors can increase CD133 expression significantly in 
neuroblastoma cell lines that show low methylated CpG promoters. 
     We also found that VPA treatment can increase the number of CD133+ cells 
that show higher resistance to cytostatics than CD133– cells. VPA treatment 
enhanced the ability of CD133 expressing cell line UKF-NB-3 to generate more 
colonies and neurospheres, induce Akt phosphorylation, induce expression of the 
pluripotency transcriptional factors which collectively may lead to induce 
chemoresistance and preserve tumor growth. Amplification of cancer stem like 
cells might be unwanted action of VPA during cancer treatment as it antagonizes 
the idea of cancer stem cell theory that gives attention to target the CSCs rather 
than the more differentiated tumor cells. 





No doubt that addition of high doses of VPA to conventional chemotherapy has 
revealed a synergistic effect on cell cycle inhibition and apoptosis induction in 
tumor cells but we have to keep in mind that VPA dose is limited by its toxicity and 
has different anti-cancer effects depending on tumor cell biology. Therefore, it is of 
great value to determine the type of tumors that can be beneficial from VPA 
therapy.  
     Finally, further investigations are needed for evaluation of epigenetic therapy 
(HDAC inhibitors and demethylating agents) on induction of CSCs in tumors prior 
to their use in clinical medicine. In addition, Selective HDAC inhibitors should be 
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